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Abstract
This thesis treats the electro- and photoelectrochemical hydrogen evolution from water splitting. Water
splitting stores ∼ 237 kJ/(mol H2O) most of which may be released in a fuel cell. As MoS2 is stable
and an excellent H2 evolution catalyst, it is a sustainable alternative to the archetypical H2 evolution
catalyst Pt. MoS2 is primarily limited by its low electron conduction and high stability and therefore its
expression of the inactive basal planes. The focus of this thesis is the synthesis of amorphous MoSx from
either electrodeposition or precipitation as this material circumvents the issues above.
These catalysts were studied on titania protected silicon photocathodes. These showed an excellent
activity and demonstrated the potential of these electrodes for sustainable H2 production without the
use of Pt. Electrodes using MoS2 as both the protection layer and the catalyst were also investigated.
The full potential of these electrodes could not be realized due to time constraints, given the severe
limitations in the electron transport across the protection layer. Regardless, these electrodes showed
superior stability to the titania protected photoelectrodes.
It was attempted to improve the electron transport through the catalyst layers by synthesizing composites
of carbon nanotubes and MoSx. The syntheses included both electro-co-deposition and electrodeposition
on a pre-fabricated nanotube film. No improvement could consistently be detected in these experiments.
Hence, MoS3 was coated directly onto carbon nanotubes. These H2 evolution catalysts showed an im-
provement compared to the MoS2 analogue, but not compared to the best electrodeposited samples.
Doping with Co or Fe increased the activity, however further experiments should clarify how much the
activity could be improved.
The electrochemical oxidation behavior of MoSx was investigated compared to that of MoS2, and MoS3.
It was found that the MoSx demonstrated a unique oxidation behavior indicating that the active sites
were not MoS2 or MoS3-like — further experiments are needed to clarify the relation between oxidation
behavior and H2 evolution.
The H2 evolution on a few selected chevrel phases was also investigated. This hitherto for this reaction
uninvestigated class of catalysts showed a decent H2 evolution activity in spite of problems with obtaining
pure samples. This class of materials are an interesting contribution to the list of active molybdenum
sulfide based H2 evolution catalysts. This demonstrated the potential of molybdenum sulfides as electro-
and photoelectrochemical catalysts for the H2 evolution reaction.
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Resume´ (Danish summary)
Denne afhandling behandler elektrokemisk og fotoelektrokemisk brintudvikling via vandspaltning. Vand-
spaltning kan lagre ca. 237 kJ/(mol vand), meget af denne energi kan typisk frigøres ved afbrænding i
en brændselscelle. MoS2 er stabilt og en glimrende elektrokemisk katalysator for brintudvikling. Derfor
er det et godt alternativt til den dyre og sjældne arketypiske brintudviklingskatalysator Pt. MoS2 er
primært begrænset af sin lave ledningsevne og den høje stabilitet af de ikke aktive krystalfacetter. I
dette arbejde er der fokuseret p˚a syntesen af amorft MoSx via electrodeponering eller fældning, da disse
katalysatorer minimerer ovennævnte problemer.
Disse amorfe katalysatorer blev bl.a. studeret p˚a titaniumbeskyttet siliciumfotoelektroder. Disse elek-
troder var særdeles aktive og demonstrerede et godt potentiale for denne type siliciumfotoelektroder selv
uden brug af Pt. Ydermere undersøgtes fotoelektroder, der benyttede molybdænsulfider til b˚ade beskyt-
telseslaget og den aktive katalysator. Disse elektroder kunne ikke bringes til optimal ydelse indenfor dette
projekts tidsramme p.ga. begrænsninger i elektrontransporten gennem beskyttelseslaget. De viste dog
en stærkt forbedret stablitet over de titaniumbeskyttede elektroder.
Via syntesen af kompositmaterialer, best˚aende af MoSx og karbonnanorør, blev det forsøgt at øge elek-
trontransporten gennem MoSx. Disse experimenter omfattede b˚ade elektrosamdeponering af MoSx og
karbonnanorør, men ogs˚a elektrodeponering p˚a præfabrikerede nanorørfilm. Disse eksperimenter kunne
ikke p˚avise en forbedring af aktiviteten. Dernæst syntetiseredes MoS3 direkte p˚a karbonnanorør via en
fældningssyntese. Disse brintudviklingskatalysatorer udviste en forbedret aktivitet sammenlignet med
MoS2, men ikke sammenlignet med de bedste elektrodeponerede prøver. Doping med Co og Fe øgede
aktiviteten yderligere og fortsatte studier vil fastsl˚a hvor meget, denne forbedring kan øges til.
Ydermere blev det via elektrokemiske oxidationseksperimenter forsøgt at undersøge hvorvidt de aktive
omr˚ader p˚a elektrodeponeret MoSx har samme karakteristiske opførsel som MoS2, eller MoS3. Dette
viste sig ikke at være tilfældet. Dette er en indikation af, at de katalytisk aktive omr˚ader er forskellige.
Yderligere undersøgelser er nødvendige for at klarlægge denne sammenhæng.
Endelig blev brintudviklingsaktiviteten for et udvalg af chevrel phaser undersøgt. Disse forbindelser
udgør en ny klasse af molybdænsulfider, som ikke tidligere er blevet undersøgt. Til trods for problemer
med at syntetisere rene forbindelser antydede reultaterne, at disse nye materialer kunne udgøre et inter-
essant alternativt til de hidtidige undersøgte molybdæn sulfider. Dette understreger, hvilket potentiale
molybdæn sulfider har for elektrokemisk og fotoelektrokemisk brintudvikling.
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Preface
The focus of this thesis is it the use of molybdenum sulfides for the hydrogen evolution reaction in elec-
trochemical and photoelectrochemical water splitting. Chapter 1 is meant to give a general introduction
to the future energy crisis that we face. Then follows a section, that treats the design parameters of
photocathodes and -anodes. This section is a crash course in the reasons that justify why some catalyst
systems have been investigated and why others have not. These considerations have their basis in pho-
tocatalysis theory, which has been omitted as it was the author’s opinion this was outside the scope of
this thesis, as the focus has been on the practical catalyst synthesis and design in the lab, not to find
the optimal situation from a theoretical vantage point. Each section in chapter 1 includes a summary at
the end and the reader may jump to these to omit the details. Chapters 3-6 treat the author’s work and
results as well as how the work in this area should be continued in the author’s opinion.
I would like to acknowledge Professor Søren Dahl and Professor Ib Chorkendorff for their excellent
supervision, ideas, and insights. It has been both a pleasure and an inspiration to work with both of
you. In addition, I would like to thank Assistant Professor Peter C. K. Vesborg for an abundance of good
ideas, practical assistance in the labs, and for your interest in my work throughout the last 3 years —
and for reading my thesis and giving helpful suggestions. A special thanks to all of the members of the
photocatalysis group and the rest of CINF and CASE for all your good advice, ideas, and collaborations.
I have learned much from all of you.
I would like to thank all the people at DTU, Birmingham University, and elsewhere that I have worked
with, both during my Ph.D. and before. It has been most inspiring even if the experiments were not
always successful.
I would like to thank my family, friends, and Kyra for all your support. An additional thank you to
Vagn, Susanne, Lawrence, and Kyra for reading through my thesis and extending your advice as well as
suggestions for improvements.
Anders Bo Laursen
31 August 2012
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Thesis Outline
The work in this thesis aims to investigate the effects of synthesis on the HER properties of molybdenum
sulfides. The focus is on the electrochemical activity and the morphology of the catalysts. Photoelectro-
chemical hydrogen evolution electrodes are also investigated to show one of the possible applications of
HER catalysts. This serves to illustrate the unique issues faced when coupling the electrochemical HER
with light absorption.
Chapter 1 — I an introduction to the energy problem, some important design parameters for PEC
devices, and the HER activity of MoS2 and its structural properties. The importance of edges for
the HER activity is demonstrated using the authors own data for the MoS2 coated multi wall carbon
nanotubes. Finally, follows an introduction to molecular molybdenum sulfide catalysts exemplified by
the cubane structure and a brief introduction to 2 state of the art PEC systems.
Chapter 2 — Introduces the analysis techniques used in this work. Then the procedure for elec-
trode preparation is discussed followed by the method for depositing the MoSx which is used extensively
throughout this work.
Chapter 3 — Start with an introduction to the structure of MoS3 and its HER activity. Followed by the
investigation of the oxidation behavior of electrodeposited MoSx compared to MoS3 and MoS2, to gain
insight into the nature of the active site. Together with an investigation of the improvements in activity
and stability in the electrodeposited MoSx upon carbon nanotube/fiber incorporation. Finally, the HER
activity of conformally coated MoS3 and WS3 on carbon nanotubes, including the effect of doping are
investigated.
Chapter 4 — Is the investigation of the PEC activity of n+p-Si photocathodes using MoSx and Fe doped
MoSx as the co-catalyst. This chapter investigates the use of Ti, Mo, and W as a protective layer on the
Si interface. The Mo and W are further passivated towards oxidation/dissolution and activated towards
the HER by sulfidation to MoS2 and WS2, respectively.
Chapter 5 — Discusses an explorative investigation of the HER activity of chevrel phases, a novel
class of HER catalysts. The chapter investigates the problems of synthesis both as nanoparticulate and
particulate catalysts. The chevrel phases offers the possibility of tuning the catalytic as well as conductive
property of molybdenum sulfides by the introduction of a wide variety of tertiary metals.
Chapter 6 — Summary and outlook for the whole thesis.
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CHAPTER 1
Introduction
The purpose of this thesis is to address some chemical synthesis aspects of the design of water splitting
catalysts. The work addresses one of the three aspects of water splitting, namely the hydrogen evolu-
tion reaction (HER). The other two: The oxygen evolution reaction (OER) and the design/synthesis of
semiconductor materials with the ability to split water are not treated in this thesis.
To understand the reasons why so much scientific research goes towards sustainable energy technologies
and implementation (153 articles containing the words “sustainable energy” in the title, abstract, or
keywords in 2011 and 109 from January to May 2012 [1]), one must understand the energy situation we
face globally. This subject is worthy of a thesis in its own right though. Hence, it is the purpose of the
following section to give a brief overview of some of the challenges facing the global society in future
years. Factual estimates given here are adapted for an easier comparison. Undoubtedly, readers will be
able to find contradictory numbers both in the scientific literature and popular press; this reflects the
challenges generally faced when trying to obtain accurate figures in this field.
1.1 World oil and gas resources
When discussing oil reserves, it is important to be aware of the notation used in this field, especially
the distinction between the three kinds of reserves and ultimate recoverable resources [2]. The ultimate
recoverable resources are, as the name suggests, an estimate of all the oil that has been, and will be possible
to extract (produce), i.e., disregarding the amount that will be left in an oil field after the production has
ended. It may be divided into cumulative production (already produced), discovered reserves (the oil that
1
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may be produced from existing fields), and undiscovered reserves (future production from undiscovered
fields). The amount of ultimate recoverable resources should obviously be regarded with some skepticism,
not only because it includes field that has not been discovered but also because the amount of oil that
may be extracted from an oil field is not fixed but depend on technology and the price of oil.
The category of discovered reserves is divided into three subcategories: Proved, probable, and possible
reserves. Proven reserves apply to oil, with an estimated above 90% chance to recover in an oil field,
whereas probable reserves are 50% (also called P50) likely to be recovered, and possible reserves have a
20% or 10% (P20 or P10) chance of recovery. The chance of recovery depends on the technology available,
as well as the economics of recovery. It is obviously important to be aware of the nature of the reserves
when discussing the availability of fossil fuels. In general, the numbers in this thesis are proven reserves
from the “BP Statistical Review of World Energy June 2012” [2], although other sources may occur.
Figure 1.1: Annual oil reserves to production (R/P) ratio.
The reserves for Canada and Venezuela include oil sand re-
sources, gas condensates, and natural gas liquids. The ratio
is based on the production and reserves estimated that year.
Reproduced from literature [2].
It has often been stated that the oil produc-
tion from conventional resources has already
peaked [2,3], although it is still debated. In the re-
port published by BP the figure of merit is the
R/P ratio, or the ratio of reserves to production
(see Fig. 1.1). The R/P ratio only gives the ap-
proximate time that proven resources will last with
current consumption of that resource, which im-
plies the simultaneous continued consumption of
the other resources. As the global consumption
is generally increasing (see below), this makes the
ratio an upper limit estimate.
The global R/P ratio may be seen to be more or
less constant for the last 25 years [2] at a value of
around 40 years. As seen in Fig. 1.1, the number
for South and Central America increased sharply
in 2009, driving the global ratio up to 46 years.
This was due to an increase in the Venezuelan re-
serves of oil sand (also known as tar sand). These
reserves were previously known, but only became
a proven reserve due to increased oil prices and advances in technology, i.e., no new oil has been found in
Venzuela it was merely a change in the “bookkeeping” of proven reserves. The inclusion of the Venezue-
lan and Canadian oil sand reserves into the recoverable global reserves has sustained the R/P ratio and
enabled it to stay constant.
The environmental consequences of the extensive use of oil sand reserves are significant, even if recent
developments in technology has increased the recycling of resources. A crude estimate 1 of the energy
1Estimated from 70 kg of CO2 being produced per barrel of bitumen produced
[4]. If the natural gas is estimated to
2
1. Introduction
consumption gives that approximately 32% of each barrel of bitumen (the tar-like crude product of
oil sand processing) extracted is spent on the recovery process and the conversion of the bitumen into
synthetic oil. According to the Canadian National Energy Board [4], the process of bitumen production is
economically feasible at a crude oil price above US$ 30. As the price of crude oil is currently US$ ∼106
per barrel (2011) [2], it is undoubtably feasible to produce oil from oil sand reserves, at least in Canada,
but most likely this applies more generally.
It should be noted that the figures in Fig. 1.1 do not take into account the expected increase in global
energy consumption, predicted to be from 16.3 terawatt (TW) in 2011 [2] to 27 TW by 20502 [5,6]. This
increase will obviously reduce the expected resources and may only, in part, be counteracted by a decrease
in consumption by the industrialized countries, as nobel laureate R. E. Smalley phrased it in 2004: “In
the developed world, with its top billion people, it is possible that we could effect substantial energy savings.
In the undeveloped world, however, conservation is meaningless, because so little energy is used.” [3]
Nuclear energy has often been mentioned as a sustainable alternative energy form. While it is true that
fusion energy would pose almost limitless energy, this does not seem on the brink of being realized.
Fission energy, on the other hand, is a well known technology, but has drawn negative headlines since
the tragic tsunami in Japan in the spring of 2011 and the subsequent meltdown of 3 reactors at the
Fukushima Daichi plant. Since then, both Japan and Germany have closed existing plants in response
to public demands. This reduction in nuclear energy production surmounted to 44.3% and 23.2% of the
national production from 2010 in Japan and Germany, respectively, which corresponds to a decrease of
4.3% of the global nuclear energy production from 2010 to 2011 [2]. Even with this reduction, the annual
nuclear energy production is still 0.80 TW (599.2 million tons of oil equivalents, MTOE) [2]. Even though
U 3 is present in the earth’s crust all over the world and in tiny amounts in sea water, the estimated
terrestrial availability of U — if used for normal fission power plants which only utilize 253U — would
only give approximately 1 TW for 100 years [5]. This means that we could produce the current amount
of nuclear power for around 125 years. It also means that we cannot rely on nuclear energy to cover the
future energy demand using current technology. There is an alternative though, but it is not a pleasant
be mainly methane then the process consumes the equivalent of 0.25 BOE (barrel of oil equivalents) per barrel bitumen
produced. As the bitumen is not the final synthetic oil comparable to the crude oil of conventional reserves, an estimate
of the energy consumption is needed. As the main requirements are heat and hydrogen and both may be supplied cheaply
by natural gas, natural gas consumption is used to estimate bitumen cracking energy consumption. This is a lower bound
estimate as some energy is likely to come from other sources than natural gas. However, it will give an idea of the order
of magnitude. The Canadian government issued a report in 2004 giving details for the oil sand production [4], from the
sensitivity estimates on natural gas prices the consumption of gas is approximately 0.44 million British thermal units per
barrel of bitumen (price Canadian $ 3.3). This converts to approximately 0.07 heavy crude oil equivalents used per barrel
of bitumen converted to synthetic crude oil.
2R. Smalley [3] named the global energy problem “The Terawatt Challenge”, which nicely captures the essence of the
problem — regardless of the source, we need a substantial amount of energy globally and this number show no signs of
decreasing. Opposed to other units of merit, such as BOE or million tons of oil equivalents (MTOE) which implies a liquid
fuel, TW addresses only the amount energy and implies the importance of electricity that is likely to become even more
important in years to come. We should realize that most renewable resources — with the exception of biofuels — will likely
be in the form of electricity and we need to be able to use this energy form.
3Covers both the fissionable 235U which constitutes 0.711 wt% of the natural ore and 238U.
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one. Running nuclear reactors in breeding/burning cycles called fast breeder reactors (FBRs), we could
generate two orders of magnitude more nuclear energy from our present reserves, and in principle, even
use U extracted from seawater supplying us with the 30 TW needed in the future for ∼153 thousand
years [7]. This is because the reactor generates more fissionable fuel (from otherwise un-fissionable 238U)
than it consumes when running in breeder mode, this can then be reprocessed to generate fissionable fuel
to be used as fuel for the reactor. The flip side to this technology is that when the generated fuel has
to be reprocessed, weapon grade 239Pu would be handled on a regular basis [8] — increasing the risk of
“small” amounts being siphoned off and therefore also the risk that this material could fall into the wrong
hands. Current research in FBRs, studies closed fuel cycles, which would remove the need to reprocess
the Pu to a pure product and thus increase the safety [8]. So far, FBRs has mostly been running as test
units, mainly due to the high cost of construction and the low price of 235U [8].
In 1998 it was estimated that we would have coal for 1000-2000 years using all estimated resources at
the then consumption rate [5]. In that same year, BP estimated the R/P ratio to just above 200 years.
In the latest report by BP, the R/P ratio has fallen to 112 years, and as coal consumption is rising —
+5.4% in 2011 — this number is likely to fall even further [2]. So even if estimates beyond the proven
reserves are taken into account, coal is not likely to last more than a couple of hundred years. Because
coal contains lots of heavy metals it is of great environmental concern that it is being burned in plants
with low emission standards. It must therefore be expected that if the number of coal fired power plants
increase so fast globally, a large fraction of these would not be up to the highest standard of emissions
control. This means that from an environmental point of view, it would be devastating if we had to rely
only on coal, even when disregarding the massive CO2 emissions ensuing from such a scenario.
Natural gas was estimated to last us 60-160 years in 1998 [5]; it is now estimated at 63 years of proven
resources [2]. The R/P ratio has been almost constant since 1981 [2]. The consumption rate has only risen
since 1981 but the R/P ratio has remained almost constant, reflecting the massive effort in developing
technologies for natural gas extraction as well as the discovery of new gas fields and the ability to tap
into previously infeasible reserves such as shale gas in the USA [2].
Globally, mankind consumed 16.3 TW (1.23·106 MTOE) in 2011, continuing the trend of increased
consumption, see Fig. 1.2(I) and (II). The sustained increase is due to several factors including, but not
limited to, the rapid growth in the non-industrialized world.
Contrary to popular belief, the reduced consumption rates in Europe and North America (not shown
here), are unfortunately, partially due to an increase in outsourcing of the energy heavy industries to
other region such as China and India. Energy consumption increases are often correlated to an increase
in living standard, however, this applies only until a certain limit above which the two appear uncorre-
lated [6]. Nonetheless, this still means that as the developing world increases its consumption to obtain a
standard of living closer to what the industrialized parts of the world are accustomed to, the global energy
consumption is bound to continuously increase. As the same countries continue to grow in population
this trend will not diminish in years to come. Fortunately, as people become more prosperous, the birth
rate tends to drop and the US Census Bureau predicted in 2001 that the birthrate will drop below the
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Figure 1.2: (I) Global consumption of energy in MTOE and TW distributed on resources, (II) change in consumption from
the preceding year. Adapted data from BP’s Statistical Review of World Energy 2012 [2]. a Million ton oil equivalents. b
Calculated based on heat value of oil equivalents, instead of the energy released on combustion in a modern power plant.
This notation underlines that the energy may not be in the form of a liquid fuel in the future.
level needed to sustain the current population before 2050 [9]. The decrease in birthrate has caused the
prediction that we will not likely exceed more than 10 billion people on earth — this still translates to a
lot of energy (probably around 60 TW [3]) needed to sustain the global population.
Even if we would not become more than 10 billion people on earth, it has still been calculated that if earth
was to sustainably support the living standard of North America, we could only fit 2.17 billion people on
earth [6]. As we have just exceeded approximately 7 billion people on Earth in 2012, according to the US
Census Bureau [10], we have grossly exceeded the limit of sustainability. Austerity is not the reason we
have not exceeded this limit by more, it is the vast inequalities in living standards, and therefore energy
consumption, globally.
The TW problem [3] emphasizes the need to develop technologies which can provide us with renewable
energy on the +30TW scale within a foreseeable future. Luckily, we have already started to do so, but
5
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at too slow a pace. As seen in Fig. 1.2(I), the amount of renewable energy produced globally did not
amount to more than 2.1 TW (renewables and hydroelectrics) in 2011 [2].
Unfortunately, the global reserves of hydroelectrics4 — although in principle almost infinite — have
already been fully utilized due to the vast requirements of suitable land areas for these technologies.
Often the argument is presented that renewable sources are too expensive to compete with fossil fuels.
This is true at face value. In 2007, solar cell energy cost US$ 0.20-0.40 per kWh (kilowatt hour) which
compares to US$ 0.02-0.04 per kWh for energy from fossil fuels [6]. However, it may be argued that the
economic repercussions (externalities) from using fossil fuels should, at least to some extent, be taken into
account. The European Union evaluated this to be around US$ 0.92 per kWh for Germany [6]. Taking
this into account, the higher price for renewable energy could easily be off-set. These externalities include
the costs for society to handle, for instance, nuclear waste, and military forces to ensure supplies and safe
guard pipelines, refineries etc. [6]. On top of this could be added the expenses to mitigate the effects of
CO2 emission. The amount of CO2 mitigation expenses is not easy to estimate, nor does everyone agree
that CO2 emissions are a problem that needs fixing. In the author’s opinion it is, unfortunately, not so
straightforward to implement the externalities costs into the energy cost, especially in countries where
energy is not heavily taxed. In these countries, the public would experience a steep increase in energy
prices with detrimental effects on consumption and thus the economy. We have based much of our living
on the continued vast energy consumption. We cannot realistically revert to an energy consumption level
that is sustainably supplied by earth, we must therefore find an external source. Solar power in the form
of solar absorption or wind energy seems a viable solution as the sun provides approximately all the
worlds energy demand in 1 hour and 20 minutes (2011 consumption, adapted from literature [2,5]), vastly
exceeding our needs even if only a fraction can realistically be exploited.
In summary, below lists the main energy issues mankind faces.
1. The global oil production has likely peaked and we are relying increasingly on environmentally
unfriendly and energy intensive reserves, such as oil/tar sand and shale gas.
2. We need up to 27 TW of energy by 2050 and maybe in excess of 60 TW beyond that.
3. The only renewable resource which may supply this amount of energy is fusion produced either in
the form of light from our nearest working fusion plant — the sun, or produced here on earth. Both
would allow us to tap into an almost unlimited energy reserve.
4. Although great progress has been made in understanding and carrying out fusion power plants,
there are still no running plants, nor will there be in the foreseeable future.
5. Fossil fuel consumption entails a lot of secondary costs on the order of US$ 0.93 per kWh, not even
taking the environmental impact into account.
4This includes both tidal wave power and dams.
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6. Because the full economic price of using fossil fuels is not charged directly on the energy bill, the
renewable energies such as solar cells have to become even cheaper to compete on market term with
fossil fuels.
1.2 Solar fuels and photocatalysis
This section is partly based off of our recent perspective paper [11].
The previous section showed that in order to solve the TW problem we need to rely on solar energy
in some form and to some extent. As solar energy (and wind energy too) is an intermittent source of
energy — the sun does not necessarily shine when power is needed — storage of solar energy is needed.
Electrocatalytic energy conversion such as CO2 reduction or water splitting are obvious choices to store
energy. The focus of this thesis is the photoelectrochemical water splitting (PEC water splitting) as a
way to solve the storage problem.
PEC devices are characterized by performing a reaction that is thermodynamically unfavorable (the Gibbs
energy of the reaction is positive). The light adds energy to drive the reaction much like the applied
potential does in electrochemistry. The water splitting reaction equations (in acidic media) are shown
below. The anode performs the oxygen evolution reaction (OER, Eq. 1.2) and the cathode performs the
hydrogen evolution reaction (HER, Eq. 1.1) in both the electrochemical cell and PEC cell .
H+ + e− −−→ 12 H2, ∆G = 0kJ/mol (1.1)
1
2 H2O −−→ H+ + e− + 14 O2, ∆G = 118.6kJ/mol (1.2)
It may be seen from the change in Gibbs free energy that the overall reaction is not spontaneous
(H2O −−⇀↽− H2 + O2 ∆G = 237.2kJ/mol) and that for an electrochemical cell, a minimum of 1.229 V
5 is required to drive the reaction if ideal catalysts are used.
Present state of the art catalysts are RuO2 and IrO2 for the OER, adding an extra 0.2-0.3 V to the
reaction; Pt is the archetypical catalyst for the HER having 0 V overpotential to drive the reaction [12].
From these numbers, it becomes apparent that water splitting needs at least 1.43 V to run and even more
for real systems due to the extra potential needed to increase the current to feasible levels.
In a recent techno-economical study made for the US Department of Energy (DOE), three main choices
for the construction of PEC devices were investigated [13]: 1) the colloidal solution with big plastic bags
with a stirred suspension of semiconductor particles, 2) the electrode devices with stacked electrodes of
semiconductors evolving H2 and O2 at the cathode and anode, respectively, and 3) the use of a PEC
device coupled with solar concentrators to increase the efficiency per unit area of the semiconductor. The
first and last solutions were shown — under realistic estimates — to be potentially cost effective, provided
that the current semiconductors’ efficiency and lifetime could be increased significantly. In fact, it was
shown that US$ 1.60 (€1.11) per kg hydrogen (the energy equivalent of 1 gallon gasoline) is realistic.
5at 25◦C and 1 atm.
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The advantage of the colloidal suspension strategy is the cheap construction/synthesis, whereas the PEC
device is inherently more expensive. However, the PEC device allows for the separation of H2 and O2
as they are produced. For the colloidal strategy, this separation requires two semiconductors that are
physically separated but are still in chemical contact. For both strategies the optimal utilization of the
solar spectrum requires the use of two or more semiconductors. A lot of research is currently targeted at
developing such systems and a few examples have been shown for both.
It should be emphasized that with current technology, the most economic way of producing hydrogen
from water splitting is by combination of photo voltaic modules (PVs/solar cells) and an electrolyzer.
However, this option is not truly economical due to the high capital investment on the order of US$ 12
billion to fuel 1 million fuel cell vehicles (of which 51-59% is the PV power plant) [14], not to mention the
problems of storing the hydrogen once it has been produced.
The main requirements which need to be taken into account when designing PEC devices are listed below.
These requirements have been the guidelines for the systems investigated in this thesis.
1. Due to the maximal intensity of the solar spectrum being lower in energy than what is required
for water splitting, single semiconductor systems are limited to a maximal 13% solar to hydrogen
(STH) efficiency by a simple estimate [11]. M. F. Weber and M. J. Dignam [15] estimated this to 7%
using empirical estimates. Multiple-junction devices are needed to obtain a significant increase in
efficiency for the overall PEC device. For a typical tandem device, a crude estimate gives a maximal
efficiency of 28% for two semiconductor with band gaps of 1.03 eV and 1.67 eV, respectively [11].
Bolton et al. calculated a maximal efficiency of 16% (0.8 V in losses) using more detailed esti-
mates of losses [16] and M. F. Weber and M. J. Dignam got 18% efficiency for a similarly detailed
calculation [15]. Using more semiconductors increases the maximal STH efficiency; however, the un-
certainties in the loss estimates increase similarly. Most likely, this is why no theoretical estimates
for idealized systems can be found. In realistic applications, the difficulties in constructing more
than two junction devices — although possible — are usually considered unfeasible in practice.
2. If more than one semiconductor is to be used, each of the semiconductors should show current
matching for maximal efficiency. Meaning that each semiconductor should absorb the same number
of photons from the solar spectrum per unit time.
3. The semiconductors should absorb as much as possible of the solar spectrum while still providing
the appropriate photovoltage to drive the water splitting reaction, including additional losses. In a
simple estimate, 0.5 V per semiconductor used and 0.5 V to drive the catalysis in addition to the
1.23 V for water splitting are needed.
4. The semiconductors’ band edges should be correctly aligned with respect to the water oxidation and
reduction potentials, i.e., the band gap or band gaps should straddle the water reduction potential
(0 V vs RHE) and the oxidation potential (1.23 V vs RHE) with sufficient overlap to account for
the co-catalyst overpotential.
5. The semiconductors must be stable in the aqueous medium.
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6. To provide the optimal compromise between light absorption and diffusion of carriers the light ab-
sorption and catalysis should be “orthogonalized” [17]. Orthogonalization provides the longest pos-
sible absorption length in one dimension, according to Lambert-Beers law, while the electron/hole
diffusion occurs in the orthogonal direction on a much shorter length scale to reach the surface
in order to perform the catalysis. The “orthogonalization” expression was coined by the N. Lewis
group [17] and visualizes this concept as vertically aligned nanowires. In these wires the light is
absorbed along the length of the wires and the catalysis is performed on the wire sides. By tailor-
ing the length vs diameter the orthogonalization parameters may be adjusted to suit the system.
The optimal orthogonalization of Si wires grown by chemical vapor deposition (CVD) translates
to approximately 3 x 50 micron diameter and length, respectively [17]. Other methods to achieve
orthogonalization include porous structures with individual dimensions of micron-nanometer size.
7. The use of co-catalysts to facilitate the HER and OER reactions are usually considered unavoidable.
These co-catalysts can only be deposited/synthesized using conditions under which the semicon-
ductor system is stable. This is a cornerstone of this work.
8. The co-catalysts should not absorb light used by the semiconductor. In tandem devices the illumi-
nation from the high band gap semiconductor to the low band gap semiconductor may relax this
demand. If orthogonalization of the light absorption and catalysis is used, the co-catalyst absorp-
tion will become important regardless of the illumination direction. This is because the porous
nature of the semiconductor causes the light to cross several surfaces before being absorbed, thus
increasing the light absorption from any surface specie such as the co-catalyst. This is obviously
also a cornerstone in designing co-catalysts. Molecular/or nanometer sized catalysts are preferred
as these offer the smallest footprint6 and therefore the lowest light absorption per active site.
9. The main obstacle to PEC devices becoming a viable competitor of fosile fuels is the current cost.
Efficiency must be increased in order to deploy mass production of PEC devices. The materials
used as well as the infrastructure and module construction are inherently expensive, increasing the
demand for a high efficiency per square meter. This should always — together with the materials’
availability — be the main concern when proposing new solutions to PEC devices.
It is clear that a lot of interdependent factors need to be optimized to obtain efficient PEC devices.
These factors should each be isolated and independently solved before they are synthesized into an over
all solution. Following this mindset, this work addresses primarily the HER co-catalysts — both from
a pure activity perspective (electrochemistry) and from an application perspective. This will also serve
to point out a few of the multitude of issues encountered when trying to combine efficient catalysts with
semiconductors.
6Catalyst footprint refers to the area covered by one catalyst unit. This number is usually low for molecular species such
as cubanes and high for enzymes [11].
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1.3 Selected state of the art PEC devices
In the following section, two of the state of the art PEC devices are described. They have been chosen
because they are representative of the two strategies for PEC water splitting i.e., colloidal particle sus-
pensions and multi-junction devices. Several other half systems could, of course, have been included here,
like the PEC HER electrode made by our group [18] in which [Mo3S4Cp’] p-toluenesulfonic acid cubanes
are immobilized on both planar and pillared p-type Si electrodes giving an IPCE of close to 50% at 0 V
vs RHE (planar electrodes). Also the α-Fe2O3 electrodes with Si doping made by CVD by M. Gra¨tzel
and co-worker [19] for the OER reaction is worth mentioning. This PEC OER electrode achieved 42%
IPCE at 1.23 V vs RHE7. These systems are only half systems and therefore, are not a full device on
their own.
1.3.1 GaN:ZnO — a colloidal PEC water splitting device
GaN:ZnO is the record holding single photon colloidal photocatalyst developed by K. Domen and col-
leagues [20]. This material is a solid solution of ZnO and GaN. Both parent materials absorbs in the UV
region of the light spectrum, but when mixed appropriately, a new material that absorbs in the yellow
region (Eg = 2.58 eV) is obtained. This material splits water efficiently when loaded with an appropriate
Rh-Cr-mixed oxide co-catalyst (HER catalyst) [21]. The quantum efficiency for this system is as high as
Figure 1.3: (I) Photograph of ZnO and Ga2O3 and their solid solutions of varied composition. Reproduced from litera-
ture [22]. (II) Band gap diagram for ZnO, Ga2O3, and GaN:ZnO solid solution. Reproduced
[22]. (III) Long-term testing of
Rh2-yCryO3/GaN:ZnO under visible light (wavelength 400-500 nm). The reactor is evacuated for the formed gases several
times during the experiments to avoid effects of pressure built-up. Reproduced from literature [23].
5.9% [24], meaning that of the incident photons with an energy above the band gap 5.9% are converted
7Illuminated with 370 nm light, using a cobalt oxide/hydroxide electrocatalyst [19].
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successfully into H2 and O2. This gives a STH efficiency of 0.095%
8. Remembering that the theoretical
limit for PEC water splitting is only approximately 10% [16] for a single semiconductor system (see section
1.2), the GaN:ZnO is still not close to the possible efficiency. Recently, the stability over time has ben
investigated for this system and it was found to be very stable. In fact, no significant decrease in activity
was found even after 2,160 hours (3 months) of running the system [23]. After 6 months of operation, up
to 50% deactivation occurred. This loss could be almost completely recovered by reloading some fresh
co-catalyst, indicating that the stability of the co-catalyst might be limiting [23]. The drawback of this
system is the Rh metal co-catalyst and the relatively scarcity of Ga (annual production ∼105.1 kg which
is of the same order as Pt [26]). These factors effectively eliminate this system from singularly covering
the global energy needs of 2050. The Rh-Cr-mixed oxide co-catalyst has a dual purpose: 1) to catalyze
the HER activity and 2) to prevent the back-reaction of H2 and O2 on the precious metal surface. The
Cr-oxide/hydroxide acts as a barrier making sure that protons and H2 can get in and out, respectively —
while the O2 generated elsewhere on the GaN:ZnO surface cannot adsorb onto the metal and react with
the bound H. This principle has been investigated recently by F. Dionigi et al. [27], where it was shown
that in fact H2 and O2 did not react appreciatively when flown across the catalyst even in stoichiometric
amounts. This clearly demonstrated the membrane effect of the Cr-oxide/hydroxide layer.
1.3.2 GaAs-GaInP — a multi-junction PEC device
Figure 1.4: (I) Schematic of the PEC device consisting of p-Ga0.52In0.48P on a GaAs solar cell. (II) Current versus time
for the PEC device, 120 mA/cm2 is approximately equivalent to 12.4% IPCE (∼11 suns illumination). Reproduced from
literature [28].
O. Khaselev and J. A. Turner [28] with the NREL (National Renewable Energy Laboratory) produced a
two photon device using a GaAs PV upon which a 4 µm layer of p-type Ga0.52In0.48P was grown. By
using Pt as the electrocatalyst they obtained an impressive 12.4% IPCE efficiency9. The authors cite the
theoretical limit of 16-24% depending on the amount of losses taken into account [28], making this device
8Integrating the solar spectrum [25] for the number of photons with a higher energy than the band gap, gives the number
of photons that the GaN:ZnO could possibly capture. Multiplying this with the energy required per electron to split water
4.3 ·10−23kJ divided by the total solar energy (1000 W/m2) gives the maximum STH efficiency for a 2.58 eV semiconductor,
i.e., 1.607%. Multiplying this with the experimental quantum efficiency gives the actual STH efficiency.
9The authors used approximately 11 suns illumination from a tungsten-halogen lamp. It can therefore be assumed that
the IPCE (power out/power in) is close to the STH efficiency.
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function close to the optimal limit of such devices. Unfortunately, this device showed a poor stability in
the 3 M H2SO4 electrolyte (less than 24 hours). They attributed some of this degradation to bubbles of
H2 acting as lenses and destroying the surface. Addition of a surfactant lessened the gas bubbles’ size and
increased stability. This shows one major concern in making stable PEC devices even for the relatively
simple HER the bubble formation at high solar conversions are still so significant that few materials can
withstand it. However, even if the stability issue could be solved, the use of Ga inhibits the TW-scale
application of these devices, as already outlined for the GaN:ZnO single photon device.
1.4 MoS2 — a semiconductor and a catalyst
MoS2, or molybdenite as the natural ore is called, is a well known layered and stable chalcogenide
10.
MoS2 is perhaps most well known for its application in hydrogen desulphurization (HDS) catalysis
[29]. In
commercial catalysts the active MoS2 is single (or sometimes double) sheets of MoS2 in which the edges
are usually doped with Co or Ni [30–33]. In HDS, the active site for the reaction is the edges of the crystals
and years of research have been devoted to understanding which edges are expressed and under which
synthesis conditions. Recently, the active edge site for the HDS reaction was directly observed with atomic
resolution for the first time by electron microscopy [33]. This research effort is a great demonstration of
both the advances achieved in this field and of the importance of understanding catalysts on the atomic
scale in order to eventually increase the activity of these catalysts.
MoS2 was discovered to be active for HER by H. Tributsch
[34,35] in 1976-77. The authors demonstrate
the PEC activity for natural crystals of MoS2 in the same work. As MoS2 is found both as n- and p-types,
it has shown PEC activity for both the HER and OER reactions. However, MoS2 is not stable under
OER conditions unless a sacrificial agent such as iodine is present [36].
In 2005 the groups of J. K. Nørskov and I. Chorkendorff [37] investigated MoS2 by calculating the H-
binding energies of MoS2 nanoplatelets using DFT (density functional theory) calculations. From these
studies they found that the
[
1010
]
Mo-edge on the MoS2 crystal are the active site and that the H-binding
energy places MoS2 in the top fraction of the HER volcano plot with an activity surpassing that of the
non-noble metals. Later, it was verified by a combination of STM (scanning tunnel microscopy) and
electrochemistry that the HER activity was correlated to the edge length of the nanoplatelets [38].
It is worth noting the similarity between HDS and HER catalysis at this point, i.e., both reactions rely
on the reactivity of the MoS2 edges. In the HDS reaction H2 splits on the catalyst surface and then
reacts with a S-organic molecule also bound to the surface. In the HER protons react with electrons on
the surface to bind H. The bound hydrogen atoms then reacts with each other and releases H2. This is
exactly the reverse reaction of the H2 molecules in the HDS reaction. However, as HDS also relies on the
binding of the S containing molecule, some differences in catalyst reactivity between the two reactions
10A class of compounds with at least one group 16 (chalcogen) ion and at least one electropositive ion. Usually chalco-
genides refer to sulfides, selenides, and tellurides rather than including oxides.
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are obviously to be expected. In addition, the electrochemical HER also needs to conduct electrons to
the active sites which only adds to the complexity of the reaction.
The work by J. K. Nørskov and I. Chorkendorff was inspired by the similarities between MoS2 and
the active center of some nitrogenase and hydrogenase enzymes. In nature the active-center of some
nitrogenase enzymes consists of a Mo and S usually close to an electron accepter cluster of Fe and S.
When fixating ammonia these enzyme centers co-evolve hydrogen [39], which is an indication that they
are also good HER catalysts.
Molybdenum sulfide availability — a sustainable alternative to Pt?
Molybdenite is the primary source of metallic Mo [26] and the yearly global production of Mo metal is
estimated to be around 251 kton [26], which means that at least 418 kton MoS2 is mined per year. In the
recent work by P. C. K. Vesborg and T. F. Jaramillo [26], it was estimated that around 350 kton/TW11
absorber material is needed for a PEC device and about 300 ton/TW is needed for the co-catalyst material.
This means that even if it were possible to divert all the production of MoS2 into the production of PEC
devices, it would still take almost 23 years worth of production to cover our energy demands in 2050 and
the devices have to be stable at the very least within this same period of time. It now seems unlikely
that MoS2 could find a viable use as the absorber material in a PEC device which could alone cover our
energy needs. It may however, play a role as part of the solution (a significant amount of PEC units
based on MoS2 could definitely be produced) and it is definitely a viable choice for a co-catalyst material,
requiring < 8 days worth of the global MoS2 production. The latter application is the main focus of
this thesis. To claim a sustainable solution to the TW problem, an evaluation must be performed to
determine whether the materials are abundant enough and could be produced on a vast enough scale to
cover the global energy needs.
MoS2 structure and properties
MoS2 consists of sheets hexagonally packed with alternating layers of S, Mo, and S (S-Mo-S sheets). The
Mo atom is coordinated in a primitive prism structure with the S corners forming a closed packed layer
above and beneath — these S layers are called the basal planes. The S-Mo-S sheets are held together by
van der Waals forces along the crystallographic c-axis [001] (see Fig. 1.5(I)).
MoS2 nanoplatelets are well known to be active for the HER as stated above. In Fig. 1.5(II and III)
the two main types of edges expressed by single layers of MoS2
[30–32,32,41] are shown as modeled by
DFT [37,42]. From these DFT calculations the differential H-binding energy in going from 25 to 50%
hydrogen coverage for the two edges was obtained as 0.08 eV for the
[
1010
]
Mo-edge (Fig. 1.5(III)) and
0.18 eV for the
[
1110
]
S-edge [43] (Fig. 1.5(IV)).
11This estimate is based on PV devices connected to a fuel cell type fuel producing unit.
13
1. Introduction
Figure 1.5: From the left: (I) the crystal structure of MoS2, a STM image of a MoS2 nanoplatelet on Au[111], the schematic
structure of a nanoplatelet, (II) the structure of the S-edge, and (III) the structure of the Mo-edge. (I) Reproduced from
literature [40] the rest is adapted from [11] courtesy of Dr. P. G. Moses.
Due to the stacking of S-Mo-S sheets, the electric conduction of MoS2 is highly anisotropic. In fact the
resistivity across sheets are 2200 times larger than along the individual sheets (0.1-1 Ω−1 · cm−1 ⊥ [001]
(along basal planes)) [35]. As the surface tension of the basal planes are 100 times smaller (250 mJ/m2)
than that of the edges [44], MoS2 will favor a large expression of the basal planes (as is seen from PXRD
where the [002] plane is by far the most intense line). Interestingly, H. Tributsch and colleagues [45] have
shown that n-MoS2 crystals aligned with [001] plane perpendicular to substrate (with the edges exposed
to the solution) show smaller (anodic) photocurrents than for those where the basal planes are exposed to
the solution. This serves to indicate the great electronic difference between the surfaces of MoS2. In fact
a study has found p-type conductivity of thin films of MoS2 grown with the [001] plane perpendicular to
the surface [40]. Unfortunately, the authors do not show PEC activity or electrochemical HER activity
for this interesting material — it may be speculated that provided that sufficient contact can be achieved
through the thin film, this orientation should provide a superior HER activity as the surface should
consist almost exclusively of active MoS2 edges.
MoS2 photoelectrocatalytic actvity
In the initial studies by H. Tributsch the primary interest was n-type MoS2 photoanodes, however, these
corrode under illumination in most aqueous solutions. A. Fujishima and colleagues [36] showed that the
addition of electron donating redox couples reduced the photo-corrosion of MoS2. They also showed that
I–/I2 showed superior protective properties but still only slowed down the corrosion. n-MoS2 has also
been run stably in non-aqueous solution [46,47], however this is outside the scope of this thesis. Using
high concentration of LiCl and LiBr, C. P. Kubiak and colleagues [48] demonstrated that MoS2 can stably
evolve chlorine and bromine under bias and illumination. This makes MoS2 an interesting compound for
the Texas Instrument Solar Chemical Converter (HBr to H2 and Br2)
[49]. As the focus in this thesis is
water splitting, this application will not be further discussed.
The reason for the significant interest in MoS2 as a semiconductor material is that it has a direct band
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gap of approximately 1.7 eV (Fig. 1.6(I) C & D) with two additional exciton bands (Fig. 1.6(I) A &
B) at lower energies (see Fig, 1.6(I and II)). In Fig. 1.6 the action spectrum and absorption spectrum
for a natural n-type MoS2 crystal are shown as reported by H. Tributsch and J. C. Bennet
[34]. This
action spectrum shows that the photocurrent of the MoS2 crystal begins already at the exciton bands
but that these localized features does not appear as peaks in the action spectrum. The photocurrent
then increases rapidly for lower wavelength of light. The authors attribute the drop in photocurrent at
low wavelengths to the transition being from S3p – Mo4d at these wavelengths (Fig. 1.6(II) C) [34].
Unfortunately, the conduction band of MoS2 is too low to drive the HER reaction (+0.23 V vs RHE)
without external bias or quantum confinement [50] (see Fig. 1.6(III)). Hence, the application of MoS2
as the semiconductor material in a PEC device is not only limited by availability, but also by the need
for the development of nanoscale syntheses that allow for quantum confinement while ensuring good
semiconductor properties.
Figure 1.6: (I) Absorption spectrum for n-type MoS2. (II) Action spectrum for n-type MoS2. Reproduced from litera-
ture [34]. (III) Band gap diagram of p-type MoS2 with and without negative bias.
The quantum confinement of MoS2 has been demonstrated by J. P. Wilcoxon
[51,52] for nanoparticles of
MoS2. In these studies the nanoparticles of MoS2 were highly crystalline (down to 4 nm, smaller particles
were produced but these did not show crystallinity) and these showed a widened band gap as well as
good photocatalytic activity for the decomposition of phenol and pentachlorophenol.
The active site of MoS2 for the HER
As was stated above the groups of J. K. Nørskov and I. Chorkendorff investigated the active site of single
sheets of MoS2 nanocrystal (called nanoplatelets). In these DFT investigations it was suggested that the
active site is the edges and more specifically the
[
1010
]
Mo-edge. The correlation between edge length
15
1. Introduction
— as measured by STM of MoS2 on Au[111] — prepared according to the procedure of F. Besenbacher
and colleagues [41] — and the electrochemical HER activity illustrates nicely that the activity is structure
sensitive. In this work another set of experiments will be used to illustrate this point as published in our
recent perspective article [11]. The synthesis of these structures was done by Assist. Prof. Dr. S. Kegnæs
at DTU Chemistry.
MoS2 multi-wall carbon nanotube composites a new way of demonstrating the influence of
edges on the HER activity — results and discussion
This section shows the author’s data for MoS2 coated conformally on multi-wall carbon nanotubes
(MoS2@MWCNTs). These data are then discusses in reference to existing data in literature.
Figure 1.7: TEM images of (I) the pristine MoS2@MWCNT and (II) MoS2@MWCNT annealed at 800
◦C 2 hours in Ar.
Reproduced from literature [53].
Using a simple procedure based on work published elsewhere [11,53,54], MoS2 may be deposited as a
conformal coating on multi-walled carbon nanotubes (MWCNTs). The structure of this composite is
shown in Fig. 1.7(I). The coating procedure follows the equation:
-
By hydrolyzing thiourea H2S is formed in situ; this converts the molybdate ion into thiomolybdate. In
the presence of HCl (0.5M) the thiomylobdate is well known to convert into MoS3 which is transformed
into MoS2 by a heat-treatment at moderate temperatures (above 310
◦C) in hydrogen atmosphere. The
formed MoS2 is seen to be poorly crystallined (see Fig. 1.7(I)) but covering the MWCNT conformally.
In fact only a few particles of MoS2 are seen at all, meaning that the coating is fairly selective. From
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the TEM images, it is seen that the MoS2 thickness is around 2–5 layers, making this structure fairly
thin-walled and comparable to the thermally produced unsupported MoS2 nanotubes made by R. Tenne
and colleagues [55]. Intuitively this is an advantage for the HER activity of these composite structures
over MoS2 nanoparticles, in that the composite may conduct the electrons to the active site through the
MWCNT (which is known to be a reasonable good conductor) [56] and then only perpendicularly through
the S-Mo-S sheet for the 2–5 layers to get to the active sites on the surface. This will be the path of least
resistance in the composite material and thus the path the electron will take.
It was initially hypothesized that the curvature of the MoS2 would allow for the lattice stretching in the
S basal plane thereby making this inactive site more reactive. In order to obtain the thinnest and most
homogeneously coated MoS2 sheets, the nanotube composite material was annealed in Ar atmosphere
at 800◦C for 2 and 8 hours, respectively. As seen in Fig. 1.7(II) for the 2 hours annealed sample the
annealing smoothed the MoS2 coating into 3–4 layers thickness and with very few visible defects in the
crystal-lattice. This should provide the optimal potential for strain/compression of the MoS2 crystal
lattice. The 2 hours annealed sample was representative for the 8 hours annealed sample as well.
Figure 1.8: HER activity measurement of (I) the pristine
MoS2@MWCNT, (II) MoS2@MWCNT annealed at 800
◦C 2
hours in Ar, and (II) MoS2@MWCNT annealed at 800
◦C 8
hours in Ar. Non-IR corrected due to issues with determining
the exact resistance (< 10 Ω).
In Fig. 1.8 the HER activity of both the pristine
and the annealed sample is shown. It was imme-
diately observed that the annealing had a detri-
mental effect on the activity of the samples. The
pristine sample showed an activity comparable to
what is generally seen for multi layered MoS2 sam-
ples with an onset around 150–200 mV. The Tafel
slope of 109 mV/dec was perhaps slightly bet-
ter than what is reported for MoS2 nanoplatelets,
however, it was not significantly lower than what
has been observed by changes in preparation meth-
ods12. This therefore cannot be attributed to the
anticipated improved conduction through the composite material. The annealed samples showed both
increased overpotentials and worse Tafel slopes (higher values of Tafel slopes).
It must therefore be concluded that if an effect of curvature exists, it occurs at higher curvatures than
that obtained for these MWCNT. An attempt was made to coat single wall carbon nanotubes (SWCNTs),
both with and without the presence of sodium dodecyl sulfate (as an dispersion agent for the SWCNTs).
These attempts resulted in coated agglomerates of SWCNTs (not shown) and this line of investigation
was discontinued.
12J. Bonde et al. reported consistent Tafel slopes of 120 mV/dec for MoS2 nanoplatelets on similar electrode substrates.
However, the authors also reported outliers down 110 mV/dec with variations in preparation techniques [43].
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Removing edges by electrochemical oxidation — what is know from literature
The removal of all the visible defects when annealing the MoS2@MWCNT composite, as seen in TEM
— illustrate nicely in a tangible way what the effects of removal of edge sites did to the HER activity.
This is of course a qualitative but visually appealing demonstration of the same conclusions as the STM
and electrochemistry results published by T. F. Jaramillo et al. [38], i.e., that the HER activity is directly
correlated with amount of edges of MoS2.
Figure 1.9: (I) Cyclic voltammetry (CV) of the etching
of MoS2 nanoplatelets. Reproduced from literature
[43].
(II) SEM image of the WSe2 single crystal after etching
at anodic bias, showing the characteristic pyramidical
structure (size of scale bar unknown). Reproduced from
literature [57].
From literature it is well known that MoS2 tends to
oxidize at the edges over the basal planes at anodic
bias [43]. It was shown that this oxidation was detri-
mental to the activity of the MoS2 nanoplatelets, likely
due to the complete removal of these. In this study, it
was shown that two oxidation features were observed
— one at ∼0.75 V and one at ∼0.98 V vs RHE (see
Fig. 1.9(I)). The amount of current integrated from the
shoulder compared to the main feature corresponded to
around 8% or the fraction of edges expected for MoS2
annealed at these conditions [43]. In a study on the re-
lated chalcogenide WSe2, R. Tenne and A. Wold showed
that the anodic photocurrents were improved by apply-
ing a oxidizing potential for a short period of time. They
demonstrated that this lead to oxidations of the surface
and thereby eliminated the recombination sites in the
single crystal. The morphology of the resulting sur-
face is shown in Fig. 1.9(II) and resembles pyramidical
structures. This was most likely due to an preferential
etching of the crystal defects propagating through the layers at a lower rate.
Electrochemical oxidation of MoS2@MWCNTs composites
Based on these results it was hypothesized that a careful etching of the MoS2@MWCNTs composite
could have two possible positive outcomes 1) preferential removal of the top layers of the MoS2 coating
resulting in a thinner coating and thus less resistance for the electron conducting the surface or 2) the
creation of more edges in the surface layers of the nanotubes. Therefore, it was attempted to etch the 8
hours annealed MoS2@MWCNT by pulsing the potential to oxidizing values (0.9 V vs RHE for 0.02 sec
and holding at neutral potentials 0.0 V vs RHE for 0.02 sec.). In Fig. 1.10(I & II) the result of pulsing
is shown for both the onset potential defined as 2 mA/cm2 (I) and the current at -0.6 V vs RHE (II).
From Fig. 1.10(I) it may be seen that the optimal activity was obtained after pulsing to oxidizing
potentials for 30000 times. Fig. 1.10(III & IV) show TEM obtained after 30000 and 60000 pulses,
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Figure 1.10: (I) applied potential to achieve 2 mA/cm2 and (II) current density at -0.6V vs RHE as a function of the
number of etching pulses for the 8 hours annealed MoS2@MWCNT composite. (III) Representative TEM images of a the
8 hours annealed MoS2@MWCNT composite etched 30000 pulses and (IV) 60000 pulses.
respectively. Two morphology changes were observed in the 30000 pulsed etched sample: 1) uncovering
of the MWCNTs indicative of etching from the ends inwards of the MoS2 tubes and 2) reduction of the
number of layers or pits. No morphologies similar to the pyramidical structure observed for WSe2 were
observed. The sample etched for 60000 pulses showed the same behavior as the 30000 pulses, except that
very few pitting sites could be found. This would indicate that the primary mechanism for etching was
from the ends of the tubes inwards. The optimal number of pulses will thus be caused by two opposing
effects, i.e., the generation of new edges as the composite tube ends were attacked and the reduction in
the amount of MoS2 catalysts. The etching would thus initially cause an overall increased number of sites
when more and more ends were oxidized. As the etching seems to occur all the way through the multiple
layers of MoS2, as soon as the etching started, the net effect was that an oxidation front moves down the
nanotube. This caused an increase in edges that halts as soon as all the tube ends were attacked. From
that point on, the etching created no more active sites but still removed MoS2. This caused a decreased
activity when etching was continued. The preferential etching of the ends of the composite nanotubes
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could be due to a larger amount of defects caused by the strain exerted when the coating had to bend
in three dimensions. This explanation is however purely speculative. It seemed clear that the etching
could not be controlled into just forming pits, which would likely have caused the largest increase in
activity. Nor was it possible to etch only the top layer thus controllably reducing the MoS2 thickness.
It is possible that the deposition of nanoparticles on the MoS2 surface could cause localized etching,
allowing for a top-down synthesis procedure for increased HER activity. This is attractive as it would
allow for the synthesis of highly crystalline and evenly doped MoS2 photocathodes, which could then by
a post synthesis treatment have the catalytic activity increased substantially. Unfortunately, due to time
constraints it was not possible to explore this fully. The next sections will discuss how to enhance the
HER activity based on what has been demonstrated in literature.
Tailoring MoS2 HER activity — effects of doping and synthesis conditions
In the study by J. Bonde et al. [43], it was also shown by DFT calculations and electrochemical measure-
ments that the introduction of dopants such as Ni and especially Co increased the activity of the MoS2
nanoplatelets significantly. This is in accordance with what has been observed for HDS. Furthermore,
it has been shown that the introduction of Co changes the shape of the MoS2 nanoplatelets, from the
slightly truncated triangles to even more truncated triangles [30,31]. From a study combining STM, TEM,
and DFT, it was shown very illustratively that the
[
1010
]
Mo-edge13 was the predominantly expressed
edge in nanoplatelets synthesized in mixtures of H2 and H2S
[31], but that the introduction of Co or Ni
increased the expression of the
[
1110
]
S-edge. From DFT calculations [43] of the H-binding energy the
effect of the doping became clear, as the H-binding energy of the S-edge was shifted down from 0.18 eV
to 0.10 eV. As the latter was comparable to the 0.08 eV found for the Mo-edge it is evident that the two
expressed types of edges are now more or less equivalently active for the HER which caused an overall
increase in activity.
From the TEM studies of M. Brorson et al. [30] and in an STM study by J. V. Lauritsen et al. [32], it
was demonstrated that the MoS2 nanoplatelets show a different morphology depending on the synthesis
conditions. In the latter study the MoS2 morphology was studied by STM and the MoS2 nanoplatelets
were deposited by evaporation onto Au[111] single crystals. The authors found that if the evaporated Mo
was treated in a H2-rich H2S atmosphere, the resulting nanoplatelets showed appreciative truncation of
the triangular morphology, whereas if the atmosphere were H2S-rich, the morphology was predominantly
triangular. This was in accordance with the study by Brorson et al. [30] in which an industrial catalyst
model of MoS2 on graphite was found to preferentially show the triangular morphology when synthesized
in a H2S-rich atmosphere.
The effect of annealing temperature was shown to have a significant effect on the MoS2 nanoplatelet
morphology. In the study by J. Kibsgaard et al. [58] the authors demonstrated that annealing (under
UHV conditions) at 727◦C or 927◦C for MoS2 on graphite resulted in single S-Mo-S sheet nanoplatelets
13The crystal plane notation is adopted from the study of J. Bonde et al. [43] it should be noted that in the study of F.
Besenbacher et al. [31] the Mo- and S-edges are denoted
(
1010
)
and
(
1010
)
, respectively.
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or multi-sheet clusters, respectively.
This shows the immense dependence of the catalyst synthesis on the expressed edges and whether multi-
sheet clusters or nanoplatelets are obtained. As the HER (and the HDS) activity is highly structure
dependent the preparation has a vast influence on the activity of the final catalyst.
MoSx molecular clusters issues and possibilities
As illustrated in the section above the HER activity is crucially linked to the number of edges, and more
specifically to the number of
[
1010
]
Mo-edges. The dependence of edges as well as the poor conduction
perpendicularly through S-Mo-S sheets makes single sheets and small units the most active catalysts.
This indicates that molecular catalysts or clusters of a few atoms size would be extremely active.
Of the known clusters only the 8 atoms cubic structures (called cubanes) have been studied for HER
catalysts. These compounds are readily synthesized [59,60] with a multitude of heteroatoms replacing one
Mo atom of the complete cubane ([M3M
’Q4(H2O)9]
5+
, M = Mo/W, M’ = Mo/W or a heteroatom, and
Q = S/Se). If one Mo is removed the clusters are called incomplete cubanes (Mo3S4(H2O)
4+
9 ). It is
clear that the opportunity to insert a variety of hetero-metal into the incomplete cubanes opens up the
possibility to tailor the HER activity of these molecular clusters. In fact, it has been shown that changing
the heteroatom significantly changes the HER activity of the cubane cluster [61].
In addition, changing the water ligand in the incomplete cubane without any heteroatom shifts the
overpotential from 0.15 V for water ligands [62,63] to 0.40 V for cyclopentadienyl ligands [18].
The study of cubanes also allows for a more detailed insight into the HER mechanism as it has been
demonstrated that the complete cubane is reduced step-wise from the 4 Mo4+ atoms in the as made
cluster, to 3Mo+3 and 1Mo4+ at the point of H2 evolution
[64]. This shows the strength of molecular
clusters not only as active catalysts but also as model systems, suggesting that low oxidations state may
favor the HER.
The cubane family has a formal oxidation state varying between 2 and 2.67 for the complete and in-
complete cluster respectively. When the cluster was completed with a first-row transition metal cation
(MMo3S4, M was any of the possible transition metal cations) the formal oxidation state varied within
the interval given above [61]. It was not possible to find literature on the HER activity of other Mo sulfide
clusters although there are many known structures, see for instance the model structure for MoS3 build-
ing blocks (see Sect. 3.1). A previous study conducted in our group was also concerned with the HER
activity of amorphous sub 4 oxidation state molybdenum sulfide. In this study the activity of the MoSx
(x=1.6 for an un-annealed sample) — prepared by evaporation of Mo under H2S atmosphere — was
found to be lower than that of the Au[111] substrate. When samples were prepared with a subsequent
annealing step, the S/Mo increased to 2 and the binding energy observed in XPS increased from 228.2 eV
to 228.5 eV, showing that these samples are MoS2. This annealing caused the HER activity to increase
to that previously reported for MoS2 on Au[111]
[38,65]. Hence, there is no clear correlation between the
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formal oxidation state of Mo and the HER activity, at least when compared across different structures of
molybdenum sulfides.
The limitations of cubanes as HER catalysts
The tunable variation in activity and the small catalyst footprint of a molecular cluster makes these
systems extremely interesting for PEC devices. The reason for this is that the molecular structure allows
the application of very small quantities of catalyst (typically less than 1 monolayer [18]). That is why
the light absorption in the catalyst is minimal and the semiconductor may then absorb almost the full
illumination. The disadvantage of these catalysts is their poor adhesion to the semiconductor/electrode
surface. The activity drops significantly within the first 10 cycles of activity testing for the incomplete
cubanes (no heteroatom) with the water ligand — effectively making the catalyst a homogeneous system
for practical applications. This obviously limits the durability of the cubanes and the exchange for the
hydrophobic cyclopentadienyl ligand mitigated this dissolution significantly but with a concurrent loss of
activity.
Figure 1.11: Fe4S4 cubane cluster
polymer bound together by linking
Sn2S6 units. Reproduced from liter-
ature [66].
In the course of this thesis a couple of ways to anchor the cubanes
onto the surface were attempted. Two of which, although unsuccessful,
illustrate the possible strategies for resolving the stability issue of the
cubanes. The first was based on a recent study by B. D. Yuhas et al. [66]
in which it was found to be possible to immobilize Fe4S4 clusters in a
polymer chain without the cluster loosing its HER activity (see Fig.
1.11). This polymer synthesis was applied to the [Mo3S4(H2O)9]Cl4
clusters and a black precipitate was recovered and deposited onto a
gold electrode by drop casting. It was hoped that the Au and the
plentiful S atom in the polymer would interact and keep the polymer
on the electrode surface. However, it was observed that hardly any HER
activity could be measured and the activity was lost with a rate comparable to that of the untreated
cubanes (data not shown). The strategy was not further investigated due to time constraints but serves
to illustrate that if a suitable linker could be found the cubane molecular clusters could be bound together
thus forming insoluble polymers. This could result in an increased stability over the as made cubanes.
The second strategy attempted to incorporate the cubanes into Nafion membranes. These cationic mem-
branes were expected to interact very well with the positively charged cubane. Unfortunately, it was
seen that the activity of a drop cast Nafion membrane on Ti-foil electrodes did not show any particular
HER activity and the film peeled off during HER activity measurements (not shown). Prior to casting
the Nafion membrane the polymer precursor was stirred with the cubanes for 12 hours to exchange the
protons in the polymer with the positively charged cubane. It is possible that optimizing the casting
procedure could provide a film that is stable, but the evolution of hydrogen will cause problems as the
bubbles of hydrogen have a tendency to stick to the Nafion and thus block the pores. Due to the low
activity of these polymers this strategy was not pursued further.
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These two examples illustrate the point that the most important improvement to the cubane molecular
clusters would be the tailoring of the ligands so that the catalyst remains active and does not dissolve into
solution. From the available literature it would seem that this is contradictory as the more hydrophilic
structures are the most active and also the ones which dissolve most readily. If this issue could be solved
the cubanes would pose a great catalyst system with immense potential for PEC devices.
How to improve MoS2 HER activity
In our recent paper [11] we argued for three points that summarizes how the HER activity of molybdenum
sulfides may be improved. The three points are listed below together with examples of the strategy from
literature.
1. Increase the amount of Mo-edges. One example from literature is the work by Ja¨get-Waldau et
al. [40]. In this work the MoS2 basal planes were aligned perpendicular to the substrate by the
sulfurization procedure using S-vapor at 77-107◦C introduced onto Mo thin films at 950◦C.
2. Increase the intrinsic edge activity by doping. One example of this from literature is that the
introduction of Co and Ni into the S-edge increases its activity towards the HER [43]. This changed
the H-binding energies to be similar to that of the Mo-edge, which is normally the active edge.
Another example is to tune the synthesis condition, as a large fraction of Mo-edges to S-edges
are obtained after annealing in H2S-rich atmosphere as reported by J. Kibsgaard et al.
[58]. Other
dopants might incorporate into the Mo-edge increasing its reactivity or increasing the reactivity of
the S-edge beyond that of the Mo-edge. Other examples from literature that change the intrinsic
activity of the active sites compared to MoS2 are those the synthesis of other crystalline/amorphous
phases of molybdenum sulfides. One example of this is the in situ reduced MoS3 catalyst from the
group of X. Hu [67,68] (see below).
3. Increase the electronic conduction of electrons to the active site. This could be achieved by compos-
ites such as the MoS2@MWCNT catalyst (see Sect. 1.4). Another example is the MoS2 nanocrystal
on graphene by Li et al [69] (see below). Other crystalline/amorphous phases of MoSx may have
improved conductivity through the structure — one example of this may be the in situ reduced
MoS3 catalyst from the group of X. Hu
[67,68] (see below).
1.4.1 MoSx state of the art catalysts
In this section three representative state of the art HER catalysts are described. One of these covers both
an electrochemistry cathode and a PEC photocathode.
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MoS2 on reduced graphene oxide
In the work by Y. Li et al. [69] the authors utilize the third point of optimization given in the section
above. The authors synthesize MoS2 nanocrystals on reduced graphene oxide (MoS2/RGO). The crystals
were identified as 3–10 sheets of MoS2, which is the reason for referring to them as nanocrystals rather
than nanoplatelets. The synthesis involved the hydrothermal reduction of (NH4)2MoS4 using N2H4 in
a DMF solution containing the dispersed graphene oxide sheets. The hydrothermal treatment reduced
the MoS2 precursor and the graphene oxide to graphene. The catalyst was recovered by freeze spray
drying to ensure that the graphene sheets did not restack into graphite rendering the MoS2 nanocrystals
inaccessible. This catalyst showed an unprecedented activity for MoS2. The onset potential was measured
to be around 0.10 V vs RHE [69] which is slightly better than what was observed for MoS2 nanoplatelets
on Au[111] [38]. The Tafel slope of the MoS2/RGO composite is 41 mV/dec
[69] which should be compared
to the 55–60 mV/dec [38]for the MoS2 nanoplatets on Au[111]. This improved Tafel slope was likely due
to the superior conduction through the graphene which allowed for a higher loading of MoS2 without the
implication of conducting through many S-Mo-S sheets.
Amorphous and porous electrodeposited MoSx as a HER catalyst
Figure 1.12: (I) Cross section TEM image of MoSx/FTO electrode. Reproduced from literature [67]. (II) Schematic drawing
of the MoS3CdSe/CdS nanorods. From this it is clear that the photogenerated hole cross the MoS3 layer to react with the
sacrificial agent. (III) TEM image of the MoS3CdSe/CdS nanorod photocatalyst. Reproduced from literature
[70].
X. Hu and co-workers [67] recently reported the HER activity of electrodeposited MoSx. This catalyst
consists of a porous layer of MoSx (shows no diffraction pattern) and resembles the electronic structure
of MoS3, as measured by XPS, prior to the catalyst activation. The exact nature of the catalyst will be
the focus in a later section. It suffices to state here that the MoS3 was reduced when the potential was
scanned just positive of the hydrogen evolution. The authors noted that the XPS signal changed upon
this reduction to resemble that of MoS2. Based on this the authors suggested that the active site was
the same or equivalent to that of MoS2. The porous catalyst layer was deposited from (NH4)2MoS4 in
a NaClO4 electrolyte, by scanning the electrode potential from the positive potential where MoS3 was
known to deposit [71] to the negative potential where MoS2 deposited
[72]. Fig. 1.12 shows the cross-section
TEM published by the authors — in the image the porous nature of the catalyst layer is evident. This
24
1. Introduction
porous and amorphous MoSx catalyst showed an onset potential around 0.15–0.20 V vs RHE and a Tafel
slope of 40 mV/dec, making the catalyst comparable to that of the MoS2@RGO
[69].
P. Alivisatos deposited MoS3 by a chemical deposition using microwave heating from a solution of
(NH4)2MoS4 and CdSe/CdS nanorods. This resulted in a coating of MoS3 on the surface of the CdSe/CdS
nanorods. Upon illumination the nanorods went through a short induction period before the catalyst
began to evolve hydrogen. The authors speculated that this is due to the initial reduction of the MoS3.
Using XAFS measurements the authors studied the structure before and after this induction period (see
Sect 3.1). The authors concluded that the reduced MoSx was more MoS3-like in structure and that it does
not resemble MoS2 even if the core electron structure was similar. Interestingly the authors concluded
that the MoS3 or MoSx was unstable during the hydrogen evolution. As MoS2 is known to be a stable
material it is very likely in my opinion that the MoS3 was oxidized by the CdSe/CdS nanorods even in
the presence of a sacrificial agent (triethanolamine) — rather than being inherently unstable .
Even more recently X. Hu and co-workers published results showing excellent activity of MoS3 particles
produced by an acidification synthesis and mixed with MWCNTs for improved conduction [68]. The
optimized catalyst with a 1:2 weight ratio of catalyst to MWCNT showed an onset potential of 0.150−
0.200 V vs RHE and Tafel slope of 42 mV/dec (48mV/dec without MWCNTs). This clearly shows that
the MoS3 particles are active but that improving the conduction through the nanoparticles results in
an increased HER activity. This procedure allows for a significantly more versatile synthesis procedure
as it may be applied to all types of semiconductors. This would be especially useful for powdered
semiconductors as these cannot have the potential cycled as easily as an electrode can.
X. Hu and co-workers recently demonstrated that the HER activity could be increased by doping the
electrodeposited MoSx with Fe and Co
[73]. At pH 0 the Fe doped MoSx showed the best activity, whereas
at pH 7 the optimal catalyst was doped with Co. The authors note that with the dopants added to the
deposition bath the amount of catalyst deposited increases and the exchange current was also improved
upon doping. From electrochemical impedance measurements the authors noted that the relative surface
area had increased, indicating an increased porosity which was also indicated by an increased thickness in
cross section SEM. From these observations the authors concluded the catalysts deposited in the presence
of the dopants were more porous and intrinsically more active due to the incorporation of the dopant.
The effect of the dopants is more pronounced at pH 7 compared to at pH 0, however the investigation
did not resolve the origin of this effect.
Biomimetic cubanes on p-Si
Our group recently reported that hydrophobic incomplete cubanes ([Mo3S4(cyclopentadienyl)3]p-toluene
sulfonic acid) on p-type Si electrodes achieved 10 mA/cm2 at −0.05 V vs RHE [18]. These cubanes
performed even better when loaded onto a pillared p-type Si sample (10 mA/cm2geometric at 0 V vs RHE)
due to the improved light absorption. The group of N. Lewis [74] has demonstrated the potential of Pt
on planar Si samples equivalent to the ones used with the cubanes. To compare the two: Cubanes on
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planar p-Si needed a potential of +0.08 V vs RHE to get 2.5 mA/cm2geometric of photocurrent. N. Lewis
and co-workers demonstrated that Pt on planar Si shows this photocurrent at +0.16 V vs RHE [74].
Figure 1.13: Energy diagram for hydrophilic cubanes compared to Pt on p-type Si. The figure shows the energy diagram
for the Si-cubane-liquid interface at (i) 0 V vs RHE in the dark, (ii) 0 V vs RHE under illumination, and (iii) at the flat
band potential of 0.2V vs RHE. Reproduced from literature [18].
Thus the cubanes perform almost as well as the Pt. As discussed above these cubanes actually have
an overpotential to the HER of around 0.4 V, thus the p-Si was not limited by the catalysis at this
overpotentials, but by the band bending (as illustrated in Fig. 1.13). The flat band potential of the p-Si
was measure to be around 0.2 V vs RHE, thus at this point there were no driving forces for the electron
to go to the surface (Fig. 1.13(iii)). At the flat band potential ∼0.5 V photovoltage was still provided
by the Si. Therefore, there was a net ∼0.3 V overpotential to drive the HER. Positive of the flat band
potential a barrier is introduced for the electrons to go to the surface. This means that regardless of
the catalyst the electron could not perform the HER catalysis. Hence, the cubanes appears only 0.08 V
worse than the Pt, when in fact they were closer to 0.4 V worse. The N. Lewis group [74] showed that by
introducing a thin heavy n-doped region in the p-Si surface this flat-band limitation could be avoided,
because the band bending at the liquid interact becomes n-type. This trick allowed for the full utilization
of the ∼0.5V photovoltage of Si.
In summary, MoS2 is an interesting material for a HER catalyst because it is a stable compound at all
pHs and it has a high inherent catalytic activity. Mo as a catalyst material may be produced on a vast
enough scale to be applicable to supply the plus 30 TW of energy that is needed globally beyond year
2050.
The anisotropic conduction in MoS2 makes it necessary to design a catalyst which nanoscale structure
circumvents the conduction perpendicular to the S-Mo-S sheets. Fortunately, MoS2 may be synthesized
under mild conditions in a variety of ways which allow skilled researchers to continuously create novel
nanostructures with specialized properties.
For the layered compound MoS2 only the edges are active sites for the HER, as determined by a com-
bination of DFT, STM, and electrochemistry. More specifically, it is the [1010]Mo-edge which with a
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hydrogen binding free energy of 0.08 eV makes MoS2 such an inherently active HER catalyst material.
The reactivity of the edges vs the basal plane of MoS2 may be seen from the oxidation of the edges at
>0.7 V vs RHE bias, where the edges oxidize before the basal plane. This offers a way to qualitatively
evaluate the amount of edges to basal planes of a catalyst.
Due to the high structure dependence on HER activity, the tuning of the surface morphology becomes
important. The MoS2 morphology may be tuned by altering the synthesis condition, introducing dopants,
or by performing the synthesis in ionic liquids [75].
Cubanes and other molecular clusters are another way of optimizing the amount of edges. For instance in
the cubane structure family every atom may be regarded as a surface atom. For these molecular clusters
the ligands determine the reactivity. The main limitation for these clusters is the poor surface adhesion
which limits stability.
MoSx and MoS3 provide high surface area and good activity. Most likely this increased activity over
MoS2 of similar size and morphology is the improved conduction through these porous structures. As for
the cubanes the main limitation for these compounds is the poor surface adhesion.
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CHAPTER 2
Analysis techniques, electrochemical measurements, and electrode fabrication
2.1 Analysis techniques
In this thesis X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), high res-
olution transmission electron microscopy (HRTEM/TEM), Powder X-ray diffraction (XRD), and X-ray
fluorescence (XRF) have been used frequently. The reader is assumed to be acquainted with these tech-
niques and are referred to catalysis textbooks [76] or advanced text on the individual techniques if needed.
XPS
XPS is a surface sensitive technique allowing for the determination of the core electrons’ chemical en-
vironment, which is related to the oxidation state and neighbor atoms. The technique is limited to the
depth at which photoelectrons can escape the material and is therefore material dependent. The reader
is referred to textbook treating this subject for detail, such as [76]. The measurements were conducted in
ultra-high vacuum (UHV) (at a base pressure below 10−8 mbar) to keep the samples clean. Samples were
measured by contacting the sample front with a copper clip. Powder samples were dispersed in water
or ethanol and drop cast onto fluorinated tin oxide (FTO) electrodes. After drying, the samples were
measured. Instrument details may be found in our publications [18,77].
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SEM
SEM imaging was used to get micron scale information on sample morphology. Electron microscopy
was conducted on the as-made electrodes. Powders were sonicated in ethanol or water and drop cast
onto FTO electrodes. After drying, the electrodes were analyzed. The instrument was a Quanta FEG
300 usually using 30 kV acceleration and a 30 micron aperture. Samples were usually not coated with
conductive metals or carbon. The SEM was equipped with Energy dispersive spectroscopy (EDS) for
elemental analyses. Data was analyzed with INCA software for EDS and ImageJ for images.
HRTEM
TEM imaging allows for the nanometer scale detection of morphologies (in 2D projections) and crystal-
lographic orientations by the detection of lattice periodicity. TEM measurements were carried out on a
Technai TEM. Samples were prepared on lacy carbon covered Cu-grids. Powders were sonicated in milliQ
water and drop cast onto the grid on a filter paper to siphon off excess liquid. In some cases, grids were
simply dipped into the powders and the sample adhered to the lacy carbon. 200 kV acceleration was
used for the TEM analysis, the TEM was equipped with EDS for elemental analysis. Data was analyzed
with INCA software for EDS and ImageJ for images.
PXRD
Powder XRD was used to obtain crystallographic information on samples. Data was obtained on a
PAN’alytical instrument, using a copper X-ray source. Samples were prepared by dispersion in ethanol
and drop casting on zero-background Si sample holders (a special sample holder of a Si single crystal cut
in a crystallographic direction that gives no lines in the interval obtainable for the instrument). Data
was analyzed on the PAN’alytical software suite.
XRF
A technique for elemental analysis of bulk samples. Samples are loaded as powders/liquids or electrodes
in the sample holder and measured using a Rh X-ray source. The software’s auto tuning “Standardless
measurements” were used to detect sample compositions. The instrument was a PAN’alytical Minimate
3.
2.2 Electrochemical measurements
Electrochemical measurements were conducted in an in-house designed H-cell, see Fig. 2.1. This cell was
equipped with a glass-frit separating the working electrode compartment from the counter electrode com-
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Figure 2.1: Photo of the electrochemical H-cell used for the experiments in this thesis.
partment. The frit ensured that diffusion between the two compartments was minimize while providing
ionic connection.
Prior to experiments, the cell was cleaned by piranha (1:3 35% H2O2 and conc. H2SO4). This solution
was freshly prepared in the cell and auto-heats to to around 70◦C while bubbling fiercely. After emptying
out the piranha the cell was sonicated in milliQ water (18.2MΩcm) three times for 30 minutes. If Pt
had been used in the working compartment, the cell was left overnight in aqua regia to dissolve any Pt,
then cleaned in piranha as above. NB: The cell was thoroughly rinsed in milliQ water before pouring
piranha into the cell in a fume hood, as the nitric acid violently fumed off NOx gasses when in contact
with the piranha. The piranha dissolved any metal or carbon impurity in the cell. All electrolyte mixing
glassware and storage flasks were also cleaned in piranha before use. The cell was never touched inside
or handled without gloves, in order to avoid any fingerprints contaminating the solution.
As counter electrode in most cases a 1.5 x 1.5 Pt mesh continuously bubbled with H2 was used. This
ensured that the electrode performed only H2 oxidation at reasonable currents. The Pt could oxidize if
large currents were drawn, giving rise to the possibility that Pt ion could diffuse to the working electrode.
In order to rule out the possibility of Pt contamination a graphite paper electrode was used instead of
Pt during long term stability runs, where diffusion between compartments was a significant issue.
A bubble tube was inserted into the working compartment to purge the electrolyte before and during
experiments and a Luggin. The Luggin was fitted with a fine pored frit in the capillary. This ensured that
an ion-bridge could be loaded in the Luggin without diffusion into the electrolyte and that electrolyte,
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in particular the deposition solutions would not contaminate the reference electrode. The ion-bridge was
a saturated NaCl solution. NaCl was used for compatibility with the standard calomel electrode (SCE)
reference electrode used in some experiments. If the perchloric acid electrolyte was in direct contact with
the reference electrode, the insoluble KClO4 would form and block the reference electrode. To avoid the
blocking completely a Hg/Hg2SO4 in 0.5 M H2SO4 was often used. The reference electrode potential for
the Hg/Hg2SO4 vs the normal hydrogen electrode (NHE) was 0.680 V according to the manufacturer.
All potentials are given vs. RHE, so the electrode potentials measured were added the 0.68 V and 0.069
V · pH of the electrolyte.
The electrolyte — usually 0.1 or 1M HClO4 — was poured into the H-cell and purged with Ar for a
minimum of 20 minutes before the gas was changed to H2 which was bubbled during experiments. The
solution was purged for a minimum of 10 minutes to saturate the solution in H2. Electrodes were inserted
into the electrode compartments through septa which sealed the cell tightly to avoid oxygen leaking into
the cell. After changing electrodes (which was always done under a H2 flow), the solution was given
approximately 1 minute to purge from oxygen in the headspace.
During gas chromatography (GC) measurements, the working compartment was not purged. Before
starting, the compartment was purged with Ar for a minimum of 20 minutes. Samples were taken with
a gas-syringe from the headspace manually through a septum.
The resistance for the IR correction was measured by the EC-lab software, at 1 kHz and -900 mV vs
Hg/Hg2SO4, i.e., -149 mV vs RHE. The correction was then applied manually in the data treatment.
As the reader is assumed to be well versed in Tafel analysis and data treatment of electrochemical
measurements this will not be discussed here. The interested reader is referred to literature [78].
2.3 Electrode preparation
Electrochemical electrodes
Electrodes were made by cutting carbon paper into 10 cm wide strips. These strips were then placed on a
110◦C hotplate and a thin line of water dispersed Teflon (Dyneon TF5032R PTFE) was put approximately
1 cm from the long end of the strip. When dried, a thin white line showed the Teflon barrier. This barrier
had the purpose of stopping any electrolyte from diffusing into the porous network and up to the contact
point which could cause a parasitic corrosion current. The strip of carbon paper was then cut into
electrodes 0.5 cm wide (see Fig. 2.2(I)). A piece of copper wire was then curled into a spiral in one end.
The spiral was placed on the contact point of the electrode (1 cm above the Teflon line) and covered in
silver paste (HighPurity Ag paint SPK supplies). After drying on a hotplate at 110◦C the wire was slipped
into a Pyrex tube. Next, the end of the glass tube and the top of the electrode — all the way onto the
Teflon barrier — was covered in a hot-melt glue (from a local hardware supplier, Bosch). After hardening,
the electrode was masked off to expose 0.5 x 0.5 cm by wrapping the electrode in self-adhesive Teflon
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tape. The mask allowed only 1 cm2 to be exposed to the electrolyte. After deposition of the catalyst a
clear dividing line showed where the electrode had been exposed to the electrolyte. This deciding line
showed that the mask worked according to the intention. It is acknowledged that the geometric area was
not equivalent to the actual electrode surface but taking the effect of electrode porosity into account, the
effect of any electrolyte diffusing up under the mask was deemed negligible. Fig. 2.2 shows the electrodes
at various stages of preparation.
For the Ti-foil electrodes, a strip of 1.5 cm was cut and polished first using a Buehler microcloth PSA
polishing pad and next on a micro felt polishing pad using a 0.05 micron slurry γ-Al2O3(Buehler). The
strip was cut into pieces 1.5 cm wide, after polishing the electrode and was cleaned by sonication first
in acetone, then isopropanol, and then 3 times in milliQ water for a minimum of 5 minutes each. After
drying the electrodes were covered on the polished side with a piece of self-adhesive Teflon tape (with a
6 mm hole punched in it by a normal paper hole-puncher). The back side was scratched just behind the
hole in the Teflon tape with a scalpel. The scratches were then immediately covered with a thin layer
of Ag paint. A piece of copper wire prepared as above was placed on top of the Ag paint and more Ag
paint was put on top of that, covering the wire. After hardening on a hot plate at 110◦C a glass tube was
slipped on the wire and the whole back side including the tube end was covered in hot-melt glue. It was
confirmed that the hot-melt glue covered all the Ti-foil and onto the Teflon tape. After hardening the
exposed Ti was cleaned in piranha and rinsed with copious amounts of milliQ water immediately before
depositing the catalyst. Fig. 2.2 show the electrodes at various stages of preparation.
Figure 2.2: Photo of carbon paper and Ti-foil electrodes at various stages of preparation. The carbon paper electrode after
applying the Teflon strip, after contacting the copper wire in silver paste, and after covering the contact in hot-melt glue
and masking of the active area with adhesive Teflon tape. The Ti-foil electrode after polishing and Teflon tape masking,
with the Ag-paint contact and covered in hot-melt glue.
Catalyst deposition was carried out by bubbling a 0.1M NaClO4 solution in milliQ water with Ar (In-
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strument purity AGA) for a minimum of 1 hour. For the Fe-MoSx deposition, 0.67mM FeCl2 · 4 H2O
(p.a. purity Merck) was added before transferring the solution into an Ar glovebox. After the addition of
2 mM (NH4)2MoS4 (>97% Sigma-Aldrich) and sonicating the solution for a few minutes, the deposition
solution was transferred into the electrochemical H-cell (see Fig. 2.2(II)) under a blanket of Ar. Note
that the deposition solution turns dark and opaque when (NH4)2MoS4 was added to the FeCl2 solution,
unlike the 2 mM(NH4)2MoS4 solution which had a clear red color. The color change was likely due to
the lower pH of the Fe containing electrolyte causing precipitation of MoS3 or possibly the formation
of FeMoS4. The depositions were started after purging for a minimum of 20 minutes. Depositions were
done by cycling the potential of the working electrode in the range 0.981– -0.119 V vs RHE (pH was 7.4
and 6.4 for the un-doped and Fe-doped deposition solution, respectively). Electrodes were inserted in the
working compartment under Ar bubbling. The depositions were conducted without bubbling the working
compartment and it was observed that the deposition currents became noisy and less reproducible if the
solution was stirred/bubbled during deposition. This was most likely due to the catalyst film deposi-
tion and involved the production of MoS3 nanoparticles at positive potential and subsequent deposition
at negative potential. If the solution was agitated, the MoS3 nanoparticles may diffuse away from the
surface. It was likewise observed that if held at the most positive potential, nothing deposited on the
electrodes. After multiple depositions, a black precipitate was observed in the working compartment
indicating the formation of a particulate product or maybe the catalyst falling off the electrode surface
during deposition.
Photoelectrodes
Photoelectrodes were prepared in two steps: A clean-room procedure in which the n+p-Si junction and
surface coating was prepared by Dr. T. Pedersen and the connection preparation and catalyst deposition
made by the author.
The clean-room procedure was as follows: Single-crystal B-doped (p-type, (100) oriented) 100 mm diam-
eter silicon wafers (0.5 mm thick, 2.2 Ω cm resistivity) were obtained from Okmetic. The n+p-junction
Si was made similarly to the design of N. S. Lewis and co-workers [74]. The wafers were doped with phos-
phorous by a vapor phase surface doping process in an atmospheric pressure tube furnace using POCl3 as
the P source. The surface doping was carried out at 900◦C for 10 minutes whereby a shallow n+p-juntion
was formed in the surface of the p-type wafer. By employing a UV photolithography technique, 3 µm
of the n+p-Si surface was etched away by reactive ion etching, except for a 10 mm diameter circle —
which then formed the mesa n+p-junction area. By another UV photolithography procedure, the wafers
were patterned with a lift-off mask that would allow deposition on the circular junction areas only. The
samples were then dipped in buffered HF to remove the native oxide and then hydrogen terminate the
silicon surface. After this, the wafers were immediately rinsed and transferred to a sputtering chamber
and the metal protective layers were then deposited. The mask was finally lifted off by acetone treatment.
Electrode preparation: The wafers with 16 electrodes each were diced by a diamond scribe and broken
along the crystallographic directions. In this manner 1.6 x 2 cm electrodes were prepared. On the
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Figure 2.3: Photo of photoelectrodes at various stages of preparation. The electrode after clean-room processing with a 9
nm Ti protection layer, with the Ag-paint contact and covered in hot-melt glue, and lastly after masking in Teflon tape.
electrode back-side behind the mesa n+p-junction, In-Ga-eutectic (Aldrich) was brought into contact
with the metallic Si in a small circle by scratching the surface with a W scribe in a droplet of eutectic. A
piece of copper wire (with the end curled in a spiral as above) was immersed in the eutectic and excess
eutectic was siphoned off. The contact was then covered in Ag-paint and allowed to harden (on a hot
plate if the catalyst was not already deposited on the electrode surface). A glass tube was slit over the
copper wire and then the Ag paint and tube-end were covered in hot-melt glue. After the glue had
hardened, the electrode was either cleaned in piranha if the electrode surface was unaffected from this or
rinsed in iso-propanol and copious amounts of miliQ water. After cleaning, the surface was masked off by
a white Teflon tape (non-adhesive, purchased from a local hardware store). This served to ensure that
only the exposed area was illuminated. Fig. 2.3 shows the electrode at various stages of preparation.
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CHAPTER 3
Amorphous MoS3 and MoSx as highly efficient HER catalysts
This chapter aims to investigate the HER activity of the MoSx compound originally reported by X.
Hu and colleagues [67,68,73,79]. The first part covers the structure of the MoS3 from which the catalyst
may be synthesized. The second part describes the author’s efforts towards studying the active site
and its reactivity as a function of annealing. The third part described the author’s investigation of the
possibility to improve the activity of this MoSx by combining it with MWCNTs to increase conductivity
— a sort of electron highway grid introduced into the catalyst. The final part addresses the synthesis
and activity testing of our new catalyst, a conformally coated MoS3 catalyst layer deposited directly onto
MWCNTs, graphene oxide nano sheets, and carbon black. The idea behind these composites are based
off of the report from X. Hu and co-workers showing that introducing MWCNTs into pre-synthesized
large nanoparticles of MoS3 significantly increases the particles’ activity
[68]. We introduced dopants of
Co and Fe into these composites to increase the activity even further. This was also inspired by the work
of X. Hu’s group [73] in which they showed that the introduction of Ni, Co, and Fe in the electrodeposited
MoSx increased the amount of catalyst deposited and thereby the HER activity. The work in parts one
and four are currently being prepared for publication.
3.1 The structure of amorphous MoS3
MoS3 has been widely studied because it may play a role in HDS catalysts as it is an intermediate
in the formation of MoS2 from (NH4)2MoS4, indicating that it may play a role in the sulfurization
of molybdenum oxides [80,81]. As the synthesis of most HDS catalysts goes through such a step, the
understanding of this reaction is of great importance to the petrochemical industry. Because MoS3 is
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amorphous, the structural interpretation is not straight forward. The structure does show some degree
of short range order seen in XAFS experiments [81].
The two MoS3 models
Two general structures for MoS3 are suggested: One is a chain-like structure (Fig. 3.1(I & II)) and the
other consists of four different clusters units bound together to make up the structure (Fig. 3.1(IV-IIX)).
These latter units share a common center motif of a Mo3-triangle with various S-ligands (the individual
unit are shown in Fig. 3.3(IV-IIX)) [80].
Figure 3.1: Suggested structures for MoS3. The figure shows the two chain-like structures reproduced from the work of S.
J. Hibble and G. B. Wood [81]. The two structures may be summarized as MoV(S2–)2(S
2–
2 )1/2(I) and Mo
IV(S2–)(S2–2 )(II),
where S2–2 is a bridging disulfide ligand and S
2– is a bridging sulfide ligand. (III) is the extended structure of the Mo-triangle
sulfide cluster structure as suggested by T. Weber, J.C. Muijsers, and J. W. Niemantsverdriet [80].
The structure has been probed using a variety of techniques: XPS, XAFS, electron paramagnetic res-
onance, infra red (IR) emission and absorption, raman spectroscopy, neutron diffraction, X-ray radial
distribution function (XRDF), and stripping experiments. In the latter method, clusters are stripped
from the parent structure in an essentially destructive process using anion such as CN–, OH–(NH3(aq)),
and Cl– [80,81]. MoS3 may be synthesized from (NH4)2MoS4 by either acidification or thermal decompo-
sition under inert atmosphere (260-300◦C) according to Eq. 3.1 and Eq. 3.2 below, respectively. MoS3
then decomposes to MoS2 above 310
◦C [80].
(NH4)2MoS4(s)
H+−−→ MoS3(s) + 2 NH3(g) + H2S(g) (3.1)
(NH4)2MoS4(s)
∆−→ MoS3(s) + 2 NH3(g) + H2S(g) (3.2)
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The mechanism of this decomposition is not well described either, which is of course related to the
disagreement in the interpretation of the structure. XPS measurements on the powder obtained by
drying a freshly HCl acidified solution of (NH4)2MoS4 is shown below in Fig. 3.2.
Figure 3.2: XPS of MoS3 (I) Mo3d5/2, Mo3d3/2, and S1s region showing the fits of these lines and (II) S2p3/2 and
S2p1/2 region showing the fits of these doublet lines. For the S2s lines, the relative binding energy and quantified atomic
concentration were dictated by the fits of the S2p doublets. The S2p lines were ascribed according to the work of Weber et
al. [80]. XPS spectra measured courtesy of Ph.D. student Paolo Malacrida.
From the XPS analysis, it may be seen that MoS3 showed a Mo binding energy of 229.1 eV, and at
least two doublets of S2p with Ebinding of S2p3/2 162.9 eV (S
2–
2 ) and 161.5 eV (S
2–), respectively. A
quantification of these lines gives S/Mo = 3.25 and S2–/S2–2 = 0.75 , this is in accordance with the findings
of T. Weber et al. [80]. Interestingly, the spectra for the MoS3, as reported by X. Hu and colleagues
[67],
had binding energies for Mo 3d5/2 at 228.6 eV and S2p3/2 at 162.4 and 163.9 eV. The latter values
appear shifted to lower values for the Mo and to higher by almost 1 eV for the S2p doublets. The reason
for this shift is not apparent, but it may be speculated to be due to differences between the chemical
and electrochemical MoS3 synthesis. In the work by T. Weber et al.
[80], based on their XPS results
and IR-spectroscopy for the reference compounds (NH4)2[Mo
IV
3 S13] ·H2O, K5[MoIV3 S4(CN)9] · 2 H2O),
and(N(CH2CH3)4)2[Mo
IV
3 S7Cl6] clusters (see Fig. 3.3(I-III)), the T. Weber et al. suggest their model
seen in Fig. 3.1(III).
Figure 3.3: Reference clusters (I) (NH4)2[Mo
IV
3 S13] ·H2O, (II) K5[MoIV3 S4(CN)9] · 2 H2O, and (III)
(N(CH2CH3)4)2[Mo
IV
3 S7Cl6] clusters used by T. Weber, J.C. Muijsers, and J. W. Niemantsverdriet
[80] to asses
the structure of MoS3 from the leaching experiments. (IV-VII) the building block units of MoS3 suggested based on the
reference clusters by T. Weber et al.. Reproduced from literature [80].
The chain-like model (Fig. 3.1(I)) was rejected by T. Weber et al. [80]. From the assigned lines in IR-
spectroscopy T. Weber et al. found that MoS3 made by acidification showed emission lines corresponding
to those of the Mo3S
2–
13 anion, however with an extensive broadening. From the distribution of leached
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products the authors describe the MoS3 as 65 % of the structures in Fig. 3.3(IV) and (V) — as the
authors argue that these cannot be leached because of the epitaxial S, they cannot infer the ratio of these
individually — 25 % is Fig. 3.3(VI), and 10 % Fig. 3.3(VII). This is the structure shown in Fig. 3.1(III)
where these building units connect through S sharing. The arrows in Fig. 3.1(III) indicate the position
of terminal disulfide ligands in a finite nanoparticle, these ligands were also identified in the IR-spectra.
In the my opinion, there is not clear cut evidence for either of these two types. There seems to be a good
correlation between the neutron diffraction experiments and the fitted model for the chain-like structure
in Fig. 3.1(II). In addition, Fig. 3.1(II) — unlike Fig. 3.1(I) — has a formal oxidation state which is
in accordance with the binding energy of around 229 eV similar to that of MoS2 found in XPS studies.
As XPS only gives the shielding of a certain core level, which usually but not always correlates to the
oxidation state, it is not certain that the formal oxidation state should be given too much weight when
comparing validity of structures. What is generally of more concern is that the ratio of S2–2 to S
2– should
be 1:1 for Fig. 3.1(II), however in the XPS spectrum obtained from a fresh MoS3 sample
1 in Fig. 3.2,
the spectrum may be fitted with two phases of S and the ratio here was 0.75 rather than the 0.5 expected
from the structure in Fig. 3.1(II). Unless the folding of the MoS3 chain could result in variations of
the electron shielding on one or both S phases so that they resemble one another, this contradicts the
chain-like model. Fig. 3.1(II) requires a disulfide to sulfide ration of 2:1, which does not fit well with
our XPS quantification either. Unlike this, the structure suggested by T. Weber et al. Fig. 3.1(III),
requires disulfide to sulfide ratios of 4:5 (0.8) which is close to the observed 0.75. However, this model
after DFT optimization of the clusters was ill-fitting with the neutron diffraction studio by S. J. Hibble
and G. B. Wood [81]. The work by T. Weber et al. [80], is mainly based on quite weak lines in IR spectra
and molecular excision studies. These destructive techniques try to understand the structure in terms
of the clusters extracted during decomposition. Although chemically elegant, there are no guarantees
that the excised clusters are not formed during the process. In summary, neither of the three models for
the structure of MoS3 explains all the available experimental data, thus more research is needed on this
subject to reach a complete understanding of the structure.
3.2 The nature of the active site of MoSx: MoS2-like?
As the HER activity of MoS2 observed in literature has been discussed previously (see Sect. 1.4) the
following will discuss the activity found for MoS3 in literature. The HER activity of MoS3 was first
described by X. Hu and colleagues [67], even if MoS3 had already been prepared previously by electrode-
position [71]. Before then, only the activity of various molecular structures of molybdenum sulfides had
been described [18,62,63], most prominently the activity of the cubane structure both in the form of com-
plete and incomplete cluster [18,62,63] (for more details see Sect. 1.4).
In the work of X. Hu and colleagues [67], it was suggested that the active compound for the HER was not
the deposited MoS3 but a reduced phase of MoS2. X. Hu and co-workers speculates that this amorphous
1The sample was synthesized by acidifying a (NH4)2MoS4 solution with 5 equivalents of HCl
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MoS2 caused the increased activity. It is well described that the active site for the HER is the MoS2
edges, and more specifically, the [1010] Mo edge [37,38]. We set out to try and synthesize amorphous
MoS2 by different means and study the effect of crystallization. Three strategies were selected: 1)
colloidal nanoparticles, 2) nanowires, and 3) the electrodeposition procedure from X. Hu. It should be
noted that X. Hu and colleagues have investigated some of the effects of thermal reduction on MoS3
nanoparticles [68], however, this was publicized after the experiments below were conducted. It is the
author’s opinion that these experiments contribute to the understanding of the electrodeposited MoS3
catalyst — a more detailed comparision of these results to those from X. Hu and co-workers follows later.
The three strategies undertaken in this work are described in detail below.
3.2.1 Amorphous MoS2 nanoparticles
This study was conducted in collaboration with Ph.d. Martin Cuddy at University of Birmingham under
supervision of Prof. Richard Palmer. TEM is courtesy of Dr. Zhiwei Wang Univeristy of Birmingham.
In studying literature, the synthesis of amorphous MoS2 nanoparticles by C. Li
[82] seems appealing in
that it is a simple process producing nanoparticles with a size below 10 nm that have already been tested
and found to be active for the HER using a ruthenium die (Ru(bpy)3(PF6)2 bpy = 2,2-bipyridine). The
Ru(bpy)
2+
3 has a LUMO position of -0.43 V vs RHE and its HOMO at +1.25 V vs RHE at pH 7
[83].
Thus, the MoS2 was applied an effective overpotential of 0.43 V. We decided to make these particles and
study the effect of annealing on the electrochemical HER activity.
MoS2 nanoparticles — synthesis
In a 50 ml Teflon liner for a steel autoclave, the reaction solution was made by dissolving 0.65 g or 0.1mM
(NH4)2MoS4 (Sigma-Aldrich) and 0.0014 g PVP (poly-vinyl pyrrolidone, Mw 10000 Sigma-Aldrich) by
stirring in 25 mL methanol (Sigma-Aldrich). Then 0.1 mL N2H4(aq) (46% Sigma-Aldrich) was added.
The autoclave was sealed and heated to 100◦C for 3 hours in a pre-heated drying oven and quenched to
room temperature. The products were kept in septum vials bubbled with Ar for 2 minutes before storing.
MoS2 nanoparticles — results and discussion
Fig. 3.4(I) shows the as-made nanoparticles. In general it was observed that the particles were fairly
small 2-10 nm as estimated from representative TEM images. However, the particles were only mostly
amorphous — detected by the absence of lattice fringes — but a few crystalline particles were seen. The
latter were regarded as unfortunate impurities, and it was initially hoped that these would not contribute
significantly to the activity. Upon annealing, the particles became slightly smaller as would be expected
when MoS2 crystallites formed (see Fig. 3.4(II)). Subsequently, all the particles showed lattice fringes
when in the right focal point. It was also seen in Fig. 3.4 that there was an amorphous layer covering
the particles both before and after annealing. This layer was the residue of the PVP polymer used to
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Figure 3.4: (I) and (II) HRTEM of the washed nanoparticles before and after sulfidization, respectively. (III) HER activity
test of 10 nmol of nanoparticles drop cast from solution onto carbon paper electrodes. Approximately 2 cm2 were exposed to
the electrolyte — as there were significant uncertainties in this area, currents are not normalized to the geometric area. 0.1
M HClO4(aq), 20 mV/sec and no IR-correction. TEM courtesy of Dr. Zhiwai Wang University of Birmingham. Activity
test performed in collaboration with Ph.D. student Martin Cuddy, University of Birmingham.
stabilize the nanoparticles during synthesis. Some of this polymer was clearly still in the sample in spite
of washing it in a methanol water mixture (vida infra).
It was attempted to anneal the nanoparticles in 10% H2S/H2 450
◦C to introduce crystallinity. The
sulfidization was carried out at 450◦C for 4 hours in 10% H2S/H2. The annealing was done on drop-
casted particles on Ti foils so that these could directly be investigated in PXRD and rubbed with a TEM
grid to transfer the particles. For activity measurements, the particles were deposited on carbon paper
and annealed before attaching contacts to the carbon paper. The obtained PXRD patterns (not shown)
only contained the Ti lines but the MoS2 nanoparticles could not be identified.
The electrochemical investigation showed that the amorphous MoS2 nanoparticles were indeed active
for the HER (see Fig. 3.4(III)). In subsequent scans the activity of the nanoparticles dropped. It is
believed that this was due to the particles dissolving and going into solutions. It was also observed that
the annealing procedure resulted in less active particles. In fact, the annealed samples were initially less
active than the carbon electrode itself. After about 10 cycles the activity jumps a bit and the activity
was then slightly higher than the carbon electrode and stable. The jump in activity is believed to be
due to some impurity on the catalyst surface being displaced by the evolved hydrogen. It could not
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be ruled out that it is due to some reduction based on these experiments. This could be interpreted
as the amorphous MoS2 was indeed more active for the HER than the corresponding crystalline MoS2.
There was, of course, a slight difference in size between the amorphous and crystalline samples. However,
smaller particles usually result in a larger activity. Here, it was the opposite. Due to the very small
difference in size and the opposite trend in activity compared to size, we tentatively concluded that the
annealing could be the overall most important effect.
However, the polymer residue had to be completely removed to confirm this conclusion. If the annealing
— as was in fact seen in TEM — caused the polymer to degrade to a dense carbon residue, then this
residue could cover the active sites of the crystalline MoS2 and could easily cause the reduced activity
observed. Hence, it was subsequently tried to extract the PVP polymer from the nanoparticles by
sonicating the particles in a methanol/water mixture. However, the particles still contained the polymer
when investigated in TEM. A CH2Cl2 (chloroform)/water mixture was also tried to improve the mixture’s
affinity towards the hydrophilic parts of the polymer. In this case, the particles did not precipitate and
could not be centrifuged out at 5000 rpm (the maximum speed the glass centrifuge tubes could handle).
Only the glass centrifuge tubes could be used as it was observed that the nanoparticles could not be
recovered from the polypropylene tubes.
We were forced to discontinue this strategy — as we have shown in the above — we could not with any
certainty conclude that the effect of annealing was only due to the introduction of crystallinity. Obviously,
a new synthesis was needed in which the nanostructure formed did not involve the introduction of a
polymer.
3.2.2 Amorphous MoS2 nanowires
Obtaining a synthesis that did not involve polymers as a structure directing agents proved tricky. However,
the synthesis described by Nagaraju et al. [84], seemed to show promise. In this paper, the authors show
that the hydrothermal decomposition of in situ formed (NH4)2MoS4, and resulted in very nice amorphous
MoS2 nanowires with a good aspect ratio.
MoS2 nanowires — synthesis
Nanowires were made according to the procedure reported in literature using no surfactants in the
preparation. In short, 0.5 g ammonium heptamolybdate tetrahydrate (NH4)6Mo7O24 · 4 H2O was added
to 25 mL MilliQ water under continuous stirring in the Teflon liner of a 50 mL autoclave. The solution
was acidified with dilute HCl to a pH in the range of 5 – -1. For pH lower than 2, the acid was pre-diluted
to the formal concentration required for that pH and the precursor directly dissolved in the acid. Then
10% H2S/H2 gas was passed through the solution while keeping it on a hot plate set at 50–70
◦C (the
interval was determined by the accuracy of the hot plate) for about 10 minutes. This made the clear
solution turn reddish brown, a clear indication of the formation of (NH4)2MoS4.
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The reported recipe was particularly unclear on the point of pH and temperature during sulfidization.
In the original synthesis, the pH and temperature of H2S treatment were merely given as “H2S gas was
passed in to the warmed acidified with dilute HCl solution for about 5 – 8 min.” [84]. It will become
clear in the following why this information is insufficient. A slightly longer sulfidization time was chosen
as a 10% H2S/H2 was used as opposed to the pure H2S as the authors of the recipe seemed to have
used. However, 10 minutes was enough to ensure a complete color change — this color change should
ensure that the sulfidization was completed and not limited by the amount of H2S that had been bubbled
through.
MoS2 nanowires — results and discussion — optimizing pH
The aim of the synthesis was to produce nanowires with a diameter suitable for a TEM investigation,
i.e., less than approximately 200 nm. The reaction conditions were not specific enough for a reasonable
attempt at reproduction. Repeating the reaction conditions of the reported synthesis seemed unlikely to
succeed. Instead the pH was varied for the conditions that could be extracted, i.e., 180◦C for 20 hours.
This resulted in the morphologies seen in Fig. 3.5. For pH lower than 0, the product could not be
recovered by filtration. The product and unconverted precursor were therefore collected by evaporation.
This means that any unconverted precursor would also appear in the product making the distinction
between product and precursor morphology ambiguous.
For pH in the range of 5 – -1, the resulting morphologies suggested that some nanowires were formed
during the reaction, however, the conversion was not complete and a residual coating persisted on several
of the samples. The residue was not due to a conductive coating of the samples — which is sometimes
used in SEM to mitigate charging. As such, a coating was not applied to any of the samples.
MoS2 nanowires — results and discussion — optimizing reaction time
Fig. 3.5 shows that the morphology of the product obtained at pH 0.5 was the most promising. This
pH was therefore chosen for further investigation. The conversion did not seem complete in the obtained
product so the reaction time was varied to obtain a more homogeneous morphology. The reaction was
varied between 24, 48, and 68 hours. The resulting morphologies are shown in Fig. 3.6.
A reaction time of 24 hours yielded a product with lots of small nanowires (< 1µm – 5µm) but also some
large particles (Fig. 3.6 indicated by the black arrow in the left most image). When reaction time was
increased to 48 hours, the product looked fairly homogeneous in terms of morphology except for a few
nanoparticles. In addition, the size of the nanowires had become inhomogeneous. Further increasing the
reaction time gave large particles and only a few large nanowires. It seemed that a reaction time of 24 –
48 hours favored the nanowire morphology and 48 hours was chosen for subsequent testing as this yielded
almost no particles.
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Figure 3.5: Morphologies of the resulting products of the amorphous MoS2 nanowire syntheses at pH 5, 4, 3, 2, 1, 0.5, 0,
-0.5, and -1. Products were obtained by filtration and washed in copious amounts of water and imaged by SEM, no metal
coating was applied for conductance. Note that the products at pH -0.5 and -1 were obtained by evaporation as no product
could be obtained by filtration. For pH lower than 2, the pH was calculated from the formal HCl concentration.
MoS2 nanowires — results and discussion — optimizing precursor amount
Lastly, the amount of reactant was optimized in order to get the best possible homogeneity in the final
product. It was speculated that after an initial nucleation, the wires enter a growth phase. Thus, if a
large enough fraction of the precursor was nucleated, the wires should form quickly and the growth should
slow down as the amount of precursor was quickly reduced, resulting in a more homogeneous growth.
In Fig. 3.7, the products of varying amounts of precursor from 450 – 100 mg. When looking at the
morphologies for the five different samples the morphology of 150 and 350 mg stood out. These products
were large particles with only a few wires imbedded. As the 100, 250, and 450 mg products all showed
wire morphologies it was concluded that there was no clear trend in the product morphology.
Comparing only the 100 mg and 450 mg samples it would seem that larger amount of precursor favored
larger wires. The increased amount of precursor also tended form wires which stuck together in bundles.
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Figure 3.6: Morphologies of the resulting products of the amorphous MoS2 nanowire syntheses at pH 0.5 and reaction
times of 24, 48, or 68 hours. Products were obtained by filtration and washed in copious amounts of water and imaged by
SEM, no metal coating was applied for conductance.
Figure 3.7: Morphologies of the resulting products of the amorphous MoS2 nanowire syntheses at pH 0.5 and reaction time
of 48 hours with a varied amount of (NH4)6Mo7O24 · 4 H2O of 100, 150, 250, 350, or 450 mg. Products were obtained by
filtration and washed in copious amounts of water and imaged by SEM, no metal coating was applied for conductance.
This supported the nucleation-growth stepwise hypothesis mentioned above. Because if, the nucleation
continued throughout the synthesis the distribution in wire sizes would be very broad, which is opposed
to what was observed.
As a large surface area was needed for the catalysts, it was decided that a set of conditions of pH of
0.5, 100 mg (NH4)6Mo7O24 · 4 H2O, and a reaction time of 48 hours would be the optimal. It was
recognized that this would give a product containing some nanoparticle impurities and thus lead to some
uncertainty in the conclusion that may be drawn from the experiments. However, it was concluded that
this was unavoidable and if present in only small amounts it would not affect the conclusions of the HER
experiments.
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Repeating the experiment resulted in a completely different morphology than that observed previously in
Fig. 3.7. This was in line with the observation that changing the amount of precursor seemed to produce
an inconsistent trend in morphology, i.e., the diverging morphologies of the 150 and 350 mg samples.
After carefully contemplating which reaction conditions might have been inadvertently changed, it was
concluded that the only possibility was that the Teflon liner, which had been cleaned just before the
latter experiment in piranha, must have been cleaned for any nucleation seeds. This would explain why
the reaction suddenly did not form the wires. If the reaction relies on the presence of seeds from previous
syntheses, the reaction outcome would greatly depend on the history of the Teflon liner. As the Teflon
liners were visibly tainted by the reaction even after prolonged cleaning in piranha, the removal of all
residue from previous experiments was deemed impossible. It was then assessed that it would be a too
tricky and cumbersome project to investigate which conditions resulted in a reproducible formation of
wires. It also implies that if a seeded synthesis strategy could devised this could potentially be very
efficient. In the interest of time however, the effort towards obtaining the amorphous MoS2 nanowires
was discontinued.
3.2.3 Annealing electrodeposited MoSx
In the study by J. Bonde et al. [43] it was shown that MoS2 nanoplatelet edges and basel planes oxidize
at different potentials. The edges were oxidized first at potentials from 0.65 V vs RHE and at 0.8 V
vs RHE the basal planes began to oxidize too. Thus, it was hypothesized that by scanning samples of
electrodeposited MoSx to positive potentials this could reveal if the active sites was MoS2-like — as they
are suggested to be in the work of X. Hu and colleagues as previously mentioned. If the active sites
wee indeed like the Mo-edge of MoS2, they should start to oxidize around the same potentials. If the
resistance in the porous catalyst layer was significant it could be expected that the oxidation feature
might shift positive or broaden towards more positive values, depending on the nature of the resistance,
i.e., a barrier or ohmic.
Annealing electrodeposited MoSx — synthesis
An array of samples was prepared — the samples were annealed at different temperatures varying from
low temperature (50◦C) to higher temperatures (300-400◦C) in 10% H2S/H2 gas flow for 12 hours. This
range was chosen to extent from 50◦C for which little or no change was expected to above 310◦C for which
MoS3 is known to convert into MoS2
[80]. The samples were deposited on Ti-foil electrodes as described
in Sect. 2.3.
The electrodeposited MoSx was scanned from HER potentials to positive values beyond the observed
feature at a slow scan rate of 2 mV/sec to observe the oxidation feature of the samples. Ti-foil electrodes
were used to eliminate any undesired reactions of the substrate with the H2S during the sulfidization.
The slow scan rate was used to ensure a complete oxidation of the active site in the first scan which
allowed for a quantitative determination of the amount of active material.
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Annealing electrodeposited MoSx — results and discussion
In Fig. 3.8(I) the oxidation feature of the first and second CV scan to positive values are shown for the
annealed samples. It was observed that the oxidation was not complete in the first scan, as the oxidation
features were also observed in the second scan (represented by the sample annealed at 100◦C in Fig.
3.8(II)). In fact it was not until the third scan that the oxidation feature was gone. Consequently, the
amount of active sites could not be determined from this experiment. As shown in Fig. 3.8(III) the
electrocatalytic HER activity was not affected noticeably by the first scan to oxidative potentials for
the samples annealed at low temperatures. The samples annealed at higher temperature (above 150◦C),
behaved as would be expected for MoS2 in that the first scan to oxidative potentials decreased the HER
activity, however, unlike the case of well dispersed MoS2 nanoplatelets, the first cycle does not completely
remove the HER activity [43]. Scanning the potential at 0.5 mV/sec resulted in an initial decrease in HER
activity upon the first oxidative scan. However the activity due to MoSx was still not completely removed,
so even this extremely slow rate did not allow for a quantitative estimate of the full catalyst loading.
Figure 3.8: (I) The CV showing the variation in edge oxidation potential as a function of annealing temperature. (II) CV
showing the 3 oxidation cycles for the 100◦C annealed sample. (III) The HER region and (IV) the oxidation region for
the samples annealed at various temperatures.
As the oxidation mechanism for MoSx is not known, and is even seen to vary a lot for the more studied
MoS2 (10-25 electrons/Mo as observed by H. Tributsch and J.Bennet
[34] or 8.9 electrons/Mo as observed
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by J. Bonde et al. [43]), the quantification would still be associated with severe uncertainties even if the
number of electrons drawn for the oxidation could be determined.
Annealing electrodeposited MoSx — results and discussion — high temperature annealing
The oxidation feature of the sample annealed at 200◦C was as expected for the basal plane of MoS2
nanoplatelets, i.e., the peak position of approx. 1.1 V vs RHE. For the samples annealed at higher
temperatures, the peak shifted towards even higher potentials (see Fig. 3.8(I)). This would indicate
that the site oxidizing changed to become even more stable than what was observed for basal planes
of nanoplatelets. The former possibility could be due to the larger areas of basal planes forming upon
annealing. The larger areas of basal planes could be argued to be more stable than the small areas of
basal planes in the nanoplatelets because the small dimensions of the nanoplatelets cause the crystal
lattice to strain or compress according to the lattice parameter of the substrate. In Fig. 3.9, the CV for
oxidizing a sample of 200µm bulk MoS2 (Sigma-Aldrich) is shown. In this sample the peak area may
not be compared directly to the one of the electrodeposited samples as the catalyst amount was not the
same2. Still, the peak position was clearly seen to be located at 1.7 V vs RHE indicating that the bulk
MoS2 oxidized at appreciatively higher anodic bias than the MoS2 nanoplatelets. This indicates that the
shift of the peak position for the electrodeposited samples annealed at higher temperatures than 200◦C
was due to the porous catalyst layer being converted increasingly into MoS2.
Figure 3.9: CV showing the edge oxidation potential of bulk MoS2 particles.
It is expected that the annealing affects the conduction through the porous MoSx as more Mos2 crys-
tal domains are formed. Some insight into the effect of conducting through the porous MoSx may be
obtained from 4 point probe measurements on the catalyst surface before and after annealing. This
was unfortunately not possible to do within the time frame of this work, but may be a point of future
investigation.
Another point worth noting is that the sample annealed at 200◦C and above showed no shoulders like
the ones seen for nanoplatelets (see Fig. 1.9 and 3.8(IV)). Therefore, the samples have converted to
21µg MoS2 was loaded on the Ti-foil.
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predominantly basal planes with very few or no edges exposed. This is intuitively plausible because the
basal planes correspond to the most stable surface and hence the most thermodynamically favorable.
In essence, this can be imagined as a skin of MoS2 basal planes forming around the individual MoSx
nanoparticles in the porous catalyst layer, forming a onion-like structure. This behavior was in accordance
with the sulfidization behavior observed by R. Tenne and co-worker when forming their fullerene-like
MoS2 nanoparticles from MoO3
[85]. It therefore seemed plausible that the nanoparticles forming the
porous layer were converted inward from the outer surface. Unlike the conversion of MoO3 to MoS2, the
crystallization of the MoSx did not involve the transport of H2S in and H2O out but the diffusion of H2
in and H2S out (as x>2), which was likely to enforce the same diffusion limited crystallization. Without
TEM showing this core/shell conversion, this was still speculative and a TEM investigation is part of
what should be carried out in the finalizing work.
Annealing electrodeposited MoSx — results and discussion — low temperature annealing
Figure 3.10: CV showing the edge oxidation potential for the as-made and the samples annealed at 50-150◦C and (II)
zoom on the as-made, 50◦C, and 100◦C annealed samples.
A peculiar behavior was observed for the samples annealed at lower than 200◦C. For these samples,
the oxidation peak shifted further negative with decreasing temperature (see Fig. 3.10(I)). The sample
annealed at 50◦C showed an oxidation peak position at 0.7 V vs RHE. This was a clear indication that
this sample contained sites that oxidized at the same potential as the edges of MoS2 nanoplatelets, but did
not contain sites equivalent to the basal plane of nanoplatelets. This leads to the tentative conclusion that
the active sites for the 50◦C annealed sample were indeed MoS2-like. Raman spectroscopy could show if
the characteristic vibrations for the MoS2 basal planes could be observed at this annealing temperature,
however, due to time limitations this could not be verified. XAFS (X-ray Absorption Fine Structure)
measurements could likewise detect Mo-Mo distances characteristic of MoS2. In Fig. 3.10(II), the samples
annealed at 50 and 100◦C could even be seen to show a slight shoulder on the oxidation peak at lower
potentials than that observed for nanoplatelets (<0.65 V vs RHE). Surprisingly the as-made sample
showed only this more negatively shifted oxidation peak at 0.55 V vs RHE. All of the 3 samples showed
a weak, but broad, oxidative feature below 0.45 V vs RHE.
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Annealing electrodeposited MoSx — results and discussion — identifying the feature at
0.45V vs RHE
It was attempted to determine if the feature at 0.45 V vs RHE was linked to the HER activity by holding
the potential of an as-made MoSx/Ti-foil electrode at 0.45 V vs RHE for 2 hours. If the feature was
due to an irreversible reaction, such as an oxidation, this would completely remove the feature. The
current versus time showed a distinct capacitative behavior, i.e., dropped exponentially to 0 mA/cm2
around which the current fluctuated for the duration of the hold period (data not shown). In fact, the
HER activity was not affected in the slightest by this procedure. It was therefore concluded that the
feature at 0.45 V vs RHE was not an oxidation feature for MoSx species but a capacitative feature —
likely connected to the adsorption of surface species. Therefore, it was very perplexing that a shift in the
oxidative feature to 0.73 V vs RHE of this electrode was observed compared to that of a freshly made
electrode (see Fig. 3.11). On the second sweep to oxidative potential the peak had shifted down to the
position observed in the as-made sample anew. The reason for this could not be determined from these
experiments, nor could any substantiated hypothesis be devised.
Figure 3.11: CV showing the edge oxidation potential for a as-made sample held at 0.45 V vs RHE for 2 hours, this sample
clearly showed a positively shifted oxidation feature compared to the as-made sample in Fig 3.10.
Annealing electrodeposited MoSx — results and discussion
The negatively shifted main feature oxidation peak for the as-made sample could be an indication of the
existence of an even more reactive site than the edges of MoS2 nanoplatelets. It should be noted that
this more active site was only demonstrated to be more active for oxidation, but not for the HER. These
more active sites seemed to convert into MoS2 edge-like sites when annealed at the lowest temperature
investigated.
The observation that the active sites of the as-made sample may not be MoS2-like in behavior was
supported by the work of P. Alivisatos and colleagues [70]. The aforementioned showed by XAFS mea-
surements that chemically synthesized MoS3 converts into a reduced form which did not show the coordi-
nation characteristic for amorphous MoS2 or bulk MoS2 (the absence of Mo-Mo distances of 3.2A˚). The
authors used this data to suggest that the HER active form of MoS3 was a slightly distorted chain-like
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MoS3 — in which the bridging disulfide bond was reduced altering the bridging nature of the disulfide
into a terminal −S− (thiolate). They inferred this from the change in S-Mo distance from 2.44±0.01 A˚
to 2.35±0.02 A˚, whereas the Mo-Mo remains constant at 2.78±0.02 A˚. Simultaneously the coordination
number falls below the 6 (S to Mo) expected for MoS3. The authors speculated that this restructuring
was necessary for the HER — as they observed an induction period before the HER activity occurred.
This reconstruction implied that the terminal thiolate groups may be the active sites for the HER.
The HER activity of the samples decreased as the annealing temperature was increased (see Fig. 3.8(III)
for the first scan. This was in accordance with the observation by X. Hu and colleagues [68] on chemically
prepared MoS3 particles. These particles also lost activity when annealed in N2 atmosphere at 350
◦C and
650◦C. In this study the 10% H2S/H2atmosphere was used because it eliminated the risk of involuntarily
oxidizing the catalyst particles. It was known from our previous experiments [77] that some MoO3 had
formed during the deposition, likely due to air exposure when loading the deposition solution into the
cell and/or during electrode change. When the electrodes were annealed in H2S it was expected that this
oxide would be re-sulfidized to some MoSx compound of unknown stoichiometry.
Annealing electrodeposited MoSx — results and discussion — XPS analysis
An XPS investigation was conducted, measurements courtesy of Ph.D. student P. Malacrida. To limit
the amount of analyses, the 50◦C and 450◦C annealed samples and the as-made samples were analyzed
as representative for the most interesting samples.
Fig. 3.12 shows the XPS analysis of the samples annealed at 50◦C and 400◦C. In the spectra a significant
amount of oxidized S species was identified for both samples. The O/Sox ratio was 4 for both samples,
so it was concluded this sulfur was SO2–4 . The Sox/Moox was 20 and 5 for the 50
◦C and 400◦C annealed
samples, respectively. Therefore, it was concluded that the sulfate was not bound to the Mo as Mo(SO4)3.
Indicating that the sulfate must be present as Na2SO4 or (NH4)2SO4. A significant amount of the Mo
was found to be oxidized for the low temperature annealed sample but some was also detected in the high
temperature annealed sample. This was surprising as it was expected that the high annealing temperature
would reduce any oxidized Mo. This suggested the formation of a sulfide shell on the oxidized Mo. It was
clearly seen that upon annealing the S2–2 was converted into S
2–. This indicated that the MoSx became
completely MoS2-like at 400
◦C. This further supported the above observation that the initially formed
MoSx — or even the low temperature annealed samples — did not resemble bulk MoS2. The S/Mo (only
the non-oxidized Mo and S) ratio was 4 in the low temperature annealed sample and 1.8 in the high
temperature annealed sample. Thus the S content was slightly higher for the low temperature annealed
MoSx than for the as-made
[67,77]. The ratio was approximately the expected 2 for MoS2 for the high
temperature annealed sample. From the XPS analysis it was therefore concluded that MoSx converts
to MoS2 somewhere between the 50
◦C and 400◦C and therefore that the MoSx was not MoS2 prior to
annealing or even when annealed at 50◦C.
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Figure 3.12: XPS of top Mo3d and bottom S2p for the sample annealed at 50◦C for 12 hours (left) and 400◦C for 12 hours
(right), respectively. Measurements courtesy of Ph.D. student P. Malacrida.
Annealing electrodeposited MoSx — results and discussion — comparing to MoS3
As X. Hu and co-workers [68] also demonstrated that chemically prepared MoS3 nanoparticles were active
for the HER, it was decided to investigate a similar sample’s oxidation behavior. 1 mg acid precipitated
MoS3 was loaded onto a Ti-foil electrode and the oxidation peak was measured with and without the
initial reduction at HER potentials. As for the electrodeposited MoSx, the MoS3 had to be reduced
initially before obtaining its maximal HER activity. Fig. 3.13 show the CV in the range of oxidation for
the as-made MoS3 and the reduced MoS3.
For the MoS3 an oxidation peak was observed 0.85 V vs RHE. This feature was completely lost after the
first anodic sweep. For the reduced sample the oxidation peak had shifted down to ∼ 0.34 V vs RHE.
This feature was not removed on the first anodic sweep. Another oxidation feature was also observed for
both samples over 1 V vs RHE. This feature was seen for all samples and were most likely linked to the
substrate Ti-foil. Comparison of the peak position of the red-MoS3 with the as-made electrodeposited
MoSx (Fig. 3.10(II)) showed that the former was more negatively shifted than that of the electrodeposited
sample. This was most surprising. As it had already been demonstrated that the feature in the as-made
electrodeposited MoSx, at 0.45 V vs RHE was not correlated to the HER activity, the origin of this feature
at even lower potentials could not be determined. The understanding of this feature and the absence of
an oxidation feature at the potentials of the electrodeposited MoSx may be the key to understanding the
difference in activity between MoS3 nanoparticles and the electrodeposited MoSx catalyst.
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Figure 3.13: CV showing the edge oxidation potential of MoS3 nanoparticles prepared by acidification.
In conclusion it was observed that the electrodeposited MoSx did not show the oxidation feature for MoS2
edges at the usual potentials, but was shifted to lower values (approximately 0.5-0.6 V vs RHE). This
— together with the observations by the Alivisatos group [70] — suggests that the active site of electro-
deposited MoSx and reduced MoS3 were not MoS2 edge-like. The oxidation at these lower potentials was
speculated to be due to the oxidation of the more HER active sites, although further experiments one
needed to fully determine this correlation.
3.3 Efforts towards improving the activity and stability of doped
or un-doped MoSx
Figure 3.14: Deposition CVs for MoSx on FTO as shown by
X. Hu and colleagues. Reproduced from literature [67].
Having studied the nature of the active site in
the amorphous electrodeposited MoSx, the next
steps were to try and identify the weak points of
this interesting system. When studying the re-
sults reported by the group of X. Hu [67,68,73,79] it
would seem that the thickness of the amorphous
and porous layer of MoSx was self-limiting, see Fig.
3.14. This suggested that either 1) the MoSx par-
ticles does not adhere well to each other or the
substrate, or 2) that the MoSx has poor contact
through the layer, making the deposition reaction
require ever increasing overpontentials to occur, or
3) a combination of 1) and 2). From the my ex-
periments with the deposition of MoSx on TiOxTi/n
+p-Si PEC electrodes (see Sect. 4.1) it was seen
that the MoSx layer was often lost in patches. This suggested that the first degradation mechanism was
at least in part responsible for the degradation. However, X. Hu and co-workers [73] showed that the
addition of FeCl2, NiCl2, or CoCl2 resulted in electrodes films with up to 2.8 times more Mo. These
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catalysts showed superior activity to the un-doped films. It cannot be ruled out that the addition of these
dopants increased the adhesion but more likely they affect the conductivity through the catalyst film.
Furthermore, X. Hu and colleagues also found that the HER activity of MoS3 prepared by acidification
of (NH4)2MoS4 increased significantly on the addition of multi-walled carbon nanotubes (MWCNTs)
[68].
This suggested that the electric conductivity through — at least the chemically prepared MoS3 — was
lower than that of the MWCNTs. This is perhaps surprising as the resistivity of MoS2 is on the order
of 1-10 Ω cm (parallel to the S-Mo-S sheets) [35] and the resistivity in MWCNTs is around 0.1 Ω cm [56].
However, the anisotropic nature of the conduction through MoS2 makes the conduction through just a
few S-Mo-S a much less desirable route. Reliable numbers for the resistivity of MoS3 could not be found.
These literature results indicates that the electronic conduction through the electrodeposited MoSx film
may also be a point which could be improved upon.
In summary there are 3 ways to improve the activity/performance of the electrodeposited MoSx:
1. Dope with Fe or Co, as done by the group of X. Hu [73], in order to obtain an increased inherent
activity of the active site. Other dopants could be tried as well.
2. Improve conductivity through the porous MoSx film — for instance by making composites with
MWCNT or other conductive components incorporated in the MoSx or possibly by introducing
dopants such as Fe, Ni, or Co as stated above.
3. Improve adhesion of the MoSx to the surface. This could be done by tailoring the surface, deposition
conditions, annealing, or a post-synthesis coating. As annealing was seen in Sect: 3.2.3 to cause a
decreased HER activity this strategy can be disregarded immediately.
In this work the focus will be on items 2 and 3. It is the author’s opinion that for MoS2 HER catalysts,
it is often imperative to ensure a good conduction of electrons to the active site. Literature shows several
examples of what should be excellent catalysts that do not perform to expectation e.g., reference [75].
This is very likely due to conductivity issues. Literature also shows examples of great catalysts where
the optimization is mainly on the conductivity to the active site. e.g., reference [69]. Incorporation of
MWCNTs into the electrodeposited structure was attempted in order to increase the conductivity to the
active MoS3.
MoSx synthesis
The electrodes used in this chapter are all prepared as was described in Sect. 2.3. The electrodes were
either Ti-foil or porous carbon paper. Ti-foil was used to allow for the direct application of these catalyst
on Ti-protection layers on n+p-Si see Sect. 4.1.
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3.3.1 MoSx deposition in a conductive network
To solve all the issues listed above, it was decided to work with the Fe-doped MoSx (Fe-MoSx), as this
resulted in an even more active catalyst, according to X. Hu and colleagues [73]. The hypothesis was
that depositing the Fe-MoSx in a conducting network of carbon fibers would provide 1) a 3-D structure
throughout the catalyst layer that would be better conducting than the MoSx layer itself and 2) stabilize
the catalyst because of the structural support of the network.
Introducing a porous carbon network were attempted in 2 ways: 1) the introduction of dispersed MWC-
NTs in the deposition solution so that these would co-deposit together with the MoSx throughout the
catalyst film formation, and 2) the pre-deposition of MWCNTs on the electrode surface prior to the
deposition of the MoSx catalyst.
MoSx and carboxylic acid functionalized MWCNTs co-electrodeposition — results and
discussion
To co-deposit MWCNTs with the MoSx the MWCNTs must react with the electrode as well at the applied
potentials. Graphene oxide (GO) — which is comprised of graphene sheets with various oxygenated
species, some of which are carboxylic acid groups — is reduced electrochemically at around −0.15 V vs
RHE [86]. The acid functionality of GO is similar to the carboxylic acid functionalizing of the MWCNTs
(COOH-MWCNTs) used in this work. Thus, it was expected that the COOH-MWCNTs may be partially
reduced at the −0.12 V vs RHE applied during the MoSx deposition.
The Ti-foil electrodes were prepared as given above and 0.144 mg/mL COOH-MWCNTs (Nano-Lab)
were sonicated for 3 hours in milliQ water. From this solution 50 microL (per percent of C/Mo) were
added to the 30 mL deposition solution in the working compartment of the H-cell. After addition of
the nanotubes, the cell was stirred with a glass covered magnetic stir bar and Ar bubbled fast for a few
minutes before both were turned off and the deposition started.
To evaluate the effect of the COOH-MWCNTs’ addition, Fe-MoSx was deposited with varied amounts
of COOH-MWCNTs. The amount of COOH-MWCNTs was calculated on a molar basis of the total
amount in the deposition solution C/Mo ratio. In Fig. 3.15(I) the HER activity measured for the
COOH-MWCNT-MoSx composite is shown. From these experiments, appreciative improvements were
observed at 5% COOH-MWCNT in the deposition solution. The fact that there was any effect indicated
that the COOH-MWCNTs were indeed incorporated into the deposited film. A more closely spaced
interval was chosen between 2-10% C/Mo in order to find the optimal loading of COOH-MWCNTs. Fig.
3.15(II) shows the HER activity for these catalyst films. It was observed that for this series of experiments
the optimal performance was for the 2 and 8% C/Mo electrodes. The lack of a consistent trend in activity
was disconcerting. When comparing the activities of the latter set of experiments with that of the former
it was also seen that generally the second preparation resulted in worse onset potentials for all electrodes.
This inconsistency indicated that the variation in preparation of individual electrodes resulted in a greater
variation than the changes upon the COOH-MWCNTs’ addition. It was unfortunately not possible to
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Figure 3.15: HER activity measurements for Fe-MoSx co-deposited with COOH-MWCNT. (I) first series of depositions
with a large range of compositions. (II) the second series of depositions in a narrow range of compositions 2-10% C/Mo.
0.1M HClO4 5mV/s IR-corrected.
obtain analytical verification of the incorporation of any COOH-MWCNTs, although given more time
XPS sputtering profiles would be able to distinguish any sp2 hybridized C — a fingerprint for MWCNTs
— from the omnipresent sp3 C. In interest of time it was decided to do the deposition in a pre-fabricated
MWCNT film to determine the effect of the nanotubes.
3.3.2 MoSx electrodeposited onto pre-deposited MWCNTs on Ti-foil elec-
trodes
Based on the assumption that no significant effect of COOH-MWCNTs addition was observed due to a
low/inconsistent incorporation of COOH-MWCNTs, it was decided to deposit a film of MWCNTs on the
Ti-foil electrodes prior to depositing the Fe-MoSx. In literature it was found that COOH-MWCNTs may
be deposited by electrophoresis [87]. This seemed a mild procedure for producing films of varied thickness.
Electrophoretic deposition of MWCNTs on Ti-foil electrodes — synthesis
In short, the deposition was performed from 1 mg COOH-MWCNTs in 10 mL 99.9% ethanol added 10
mg Mg(NO3)2 · 4 H2O. The Mg2+ was bound to the deprotonated acid functional groups and gave the
tubes a net positive charge, allowing them to be deposited at negative potentials (ideal for eventually
applying to the Si photoelectrodes which would otherwise oxidize). The electrodes (a piece of Ti foil was
used as counter-electrode) were positioned vertically at 0.5 cm distance from one another in a beaker
containing the deposition solution and then 40 V was applied for ca 30 seconds. The deposited layer
varied in thickness from the edges and towards the center of the electrode (see Fig. 3.16). From the
photo in Fig. 3.16 it may also be seen that the coverage varied between electrodes, some were covered
homogeneously and thickly while others were more scarcely covered. Using a smaller deposition bath
and a lower concentration might allow for the deposition of more homogeneous and thinner films as the
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potential would then just be applied until all of the deposition bath had been emptied for MWCNTs.
For the initial test however it was decided that these electrodes would do for a proof of concept. After
deposition the films were annealed at 250◦C for 30 minutes in pure H2 at a reduced pressure of the order
0.1 mbar. This was done for 2 reasons: First to reduce the COOH functionality and thereby avoid that the
MWCNTS re-dispersed during deposition or testing. Second, it also allowed the film to gain structural
stability as the removal of adsorbed water would allow van der Waals forces to interact between the
MWCNTs. Note that the contact and hot-melt glue had to be removed before annealing. If the hot-melt
glue was flushed with ethanol, a tweezer could be squeezed between the foil and melt, popping the melt
off. The silver paint could then be wiped off with acetone. Care was taken not to touch the deposited
MWCNTs film while removing the contact.
Figure 3.16: Photo of electrophoretically deposited COOH-MWCNT films after annealing at 250◦ for 20 minutes in H2 at
reduced pressure.
After annealing, the films were stable to the touch and could be prepared for deposition and test as
described in the section on electrode preparation (see Sect. 2.3). Fe-MoSx was deposited on electrodes
with thin and thick coatings. The depositions CVs changed only slightly between the two thicknesses of
the MWCNT film. The depositions CVs did not vary more than in-between samples on Ti-foil without
modification.
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MoSx electrodeposited onto pre-deposited MWCNTs on Ti-foil electrodes — results and
discussion
Figure 3.17: HER activity measurements for Fe-MoSx deposited within the electrophoretically deposited and reduced COOH-
MWCNT film. 0.1M HClO4 5 mV/s IR-corrected.
Figure 3.18: Possible scenarios for the deposition of Fe-MoSx
in MWCNT electrophoretically deposited films. (I) Fe-MoSx
deposits through holes in the inhomogeneous film. (II) Fe-
MoSx deposits through holes in the inhomogeneous film and
within the MWCNT surface. (III) Fe-MoSx deposits as a
thick film covering the entire MWCNT film.
The HER activity measurements are shown in
Fig. 3.17. It was obvious that the thicker film
did not improve the HER activity. Indeed, the
thinner film performed equally well as the non-
composite catalyst. The composite catalyst layer
electrodes both exhibited noisier current signal due
to bubbles forming on the surface and being re-
leased. From these results it would seem that the
MWCNT film had little or no effect on the activity
of the MoSx. This result was perplexing. It seemed
that if the deposition of MWCNT films was incom-
plete (holed), the Fe-MoSx would deposit only in
these holes giving a catalyst layer with a reduced
area (Fig. 3.18(I)). On the other hand, if the catalyst was deposited in and on the MWCNT films, the
inhomogeneous film thickness could give rise to areas with low activity (thick part of the MWCNT film)
and active areas (thinner film parts) as shown in Fig. 3.18(II). The latter would then have to be more
active than the unmodified Fe-MoSx to give the overall equal activity. Finally, a thick homogeneous
coating all over the MWCNT film could be envisioned where the MWCNT film essentially serves as a
corrugated electrode as shown in Fig. 3.18(III). For this to be true the MWCNT film must be highly
conductive, indicating that the MWCNTs were in good contact with the Ti-foil electrode. These con-
siderations are purely speculative but give rise to the hope that if the MWCNT film thickness could be
carefully controlled, then the MoSx deposited in such a film may show improved properties. The effect of
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the annealing temperature and film thickness may also be important in determining the extent of catalyst
deposition in the MWCNT film. It could be reasoned that if the reduction of the COOH groups was
not completed at the temperature selected for these experiments, the resistance through the film may
limit the deposition. The influence of the MWCNT film thickness on the catalyst deposition may also
be through mass transport limitations of the precursor solution into the film during deposition. Mass
transport issues can usually be circumvented by stirring the deposition solution or alternatively stopping
the deposition at intervals to allow solute to equilibrate in the solution. TEM analysis of the catalyst
films produced could show whether the MoSx had deposited on the MWCNTs. Further optimization and
characterization would clearly be needed to determine the limit of efficiency achievable for this composite
catalyst. Unfortunately, time did not allow for this.
3.3.3 MoSx electrodeposited onto porous carbon paper electrodes
A simpler system was designed to get a proof of concept. The carbon network chosen for this was a porous
carbon paper electrode (also used in fuel cell electrodes). This structure consists of carbon fibers pressed
together into a thin paper structure. In the fuel cell the porous structure allows for the gas-diffusion to
and from the catalyst particles. In the present case the fibers would be immersed in electrolyte and thus
bubbles would tend to form inside the electrode and block the channels [88]. This is often observed as
a slightly worse Tafel slope as compared to catalysts deposited on planar substrates [43]. Carbon paper
with more hydrophilic properties may be purchased and should help on the bubble formation [88], but
such electrodes were not available for the present experiments.
MoSx electrodeposited onto porous carbon paper electrodes — results and discussion
Both MoSx and Fe-MoSx catalysts were deposited on the carbon paper and Ti-foil electrodes for com-
parison. Fig. 3.19(I) & (II) show the HER activity measurements for the 4 kinds of electrodes. As the
electrode resistance was very dependent on the type of electrodes, all the results here were corrected for
the IR-drop.
From the HER activity measurements the un-doped MoSx appeared to be more active than the Fe-doped
catalyst. Fig. 3.19(I) & (II) show 3 electrodes in red of the Fe-doped catalyst and 2 in blue of the
un-doped catalyst. From the measurements the variation between the repetition of the same catalyst
and the difference of the doping was clearly not significant. There were 3 distinct differences between
the procedure published by X. Hu and co-workers and the procedure used in this work: 1) the iron
source is a commercial FeCl2 · 4 H2O from Merck (p.a. purity) whereas X. Hu and co-workers’s were
home made, 2) 19 deposition CV cycles versus 25 cycles in literature, and 3) X. Hu and co-workers
prepared the deposition solution by mixing two stock solutions directly in the deposition cell whereas
in my experiments FeCl2 was dissolved in a purged electrolyte solution and then the (NH4)2MoS4 was
added and dissolved before being transferred to the electrochemical cell. The latter discrepancy was done
only due to convenience and was not considered important as the FeCl2 was not left long in solution prior
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Figure 3.19: HER activity measurements in 0.1M HClO4 of electrodeposited MoSx and Fe-MoSx 19 CVs deposition on
(I) porous carbon paper and (II) Ti-foil electrodes. See Sect. 2.3 for details of catalyst deposition. Scan rate 5 mV/sec,
IR-corrected.
to deposition. Leaving the Fe for extended periods caused precipitation (an iron oxide or hydroxide).
Further, experiments would be needed to evaluate the effects of the deposition solution preparation,
number of cycles deposited, and the origin of the Fe-dopant.
Representative depositions for the MoSx and Fe-MoSx on the carbon electrodes and Ti-foil electrodes
are shown in Fig. 3.20. From these depositions it was clearly seen that the deposition current (the
magnitude of features in the last deposition scan) did not scale with the surface area of the electrode
substrate. Even if the exact surface area of the carbon paper was not known, it must have been several
times larger than the flat Ti-foil electrode. From the deposition CVs it would actually seem that the
amount of catalyst deposited on the carbon paper electrodes was several times lower than when deposited
on the flat electrodes. It would not seem that resistance is the reason for the lower deposition as impedance
measurements indicated that the working to reference electrode resistance for the carbon electrodes was
1/3-2/3 of that of the Ti-foil electrodes. In fact, as the currents drawn during deposition were fairly small
(less than 0.5 mA) the effect of an ohmic resistance would be negligible in any case.
From literature values of Tafel slopes for MoS2 on carbon paper electrodes
[43] and Au[111] single crys-
tals [38] it may be crudely estimated that the Tafel slope on carbon paper differs by (60 mV/dec / 110
mV/dec)/110 mV/dec = 45%. Hence, the “true” Tafel slope for the Fe-MoSx on carbon paper may
be that much better. It is fully recognized that this comparison is not completely just, as the 2 MoS2
samples in literature were prepared in very different ways (one by oxide sulfidation and the other by UHV
deposition under H2S atmosphere). The error suggested above only serves to get an order of magnitude
for the upper limit of change in Tafel slope introduced by the carbon paper.
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Figure 3.20: Deposition CV for 19 cycles of deposition in (I) an un-doped and (II) Fe-doped deposition solution on porous
carbon and Ti-foil electrodes.
MoSx electrodeposited onto porous carbon paper electrodes — results and discussion —
stability tests
This result indicated that the carbon electrodes were only covered with MoSx on the surface or in the
outermost part of the electrode. Alternatively, the catalyst was deposited within the electrode and the
increased activity due to the improved conduction was balanced by the increased mass transport (see
above).
Figure 3.21: Constant potential (-0.35 V vs RHE) stability test of Fe-MoSx electrodeposited on carbon paper electrodes
with and without Nafion protection layer. A drop of Triton X-100 was added to the electrolyte in the working compartment
to decrease the H2 bubble size.
The purpose of the conductive network was dual as suggested earlier, so next the stability of the electrodes
was tested for long term stability. In Fig. 3.21 the constant potential experiment for extended times is
shown. The 2 electrodes were tested — the first was dipped into 0.0009 wt% Nafion in methanol which
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was allowed to dry before testing, the second electrode was run as-deposited. The first electrode showed
a jagged current versus time for about the first 1 hour. After which the current dropped further to a
level of approximately 3.5 mA/cm2 (after 10 hours) which kept almost constant for the remainder of
the experiment. Opposingly, the electrode without Nafion showed a less jagged current, however this
electrode degraded slowly right from the beginning. This — together with our previous observations
that the catalyst primarily degraded through peel off of the film — indicated that the catalyst degraded
by the surface particles peeling off, just as for the planar electrodes. When the current leveled off to a
constant current it indicated that there were catalyst particles within the electrode and that these were
stabilized by the carbon network.
Figure 3.22: XPS analysis of the Fe-MoSx on porous carbon paper sample
before and after 24 hours activity test. Measurements courtesy of Ph.D.
student Paolo Malacrida.
Fig. 3.22 shows the XPS analysis of the
electrode with Nafion covered electrode
before and after the 24 hour test. It
should be noted that due to unfortu-
nate planning the electrodes were left
in air for a few day after testing which
has most likely caused a partial oxida-
tion of the catalyst particles. In com-
paring the XPS data before and after
reaction, only 9% of the Mo remained
(based on peak areas), but the activity
of the electrode had “only” dropped to
70% of the initial current. As XPS is
highly surface sensitive this would serve
to indicate that the active MoSx catalyst particles responsible for the activity after prolonged testing
were particles imbedded beneath the measuring depth of the XPS, i.e., within the porous electrode. This
was an indication that the deposition within these porous electrodes may improve the stability of the
MoSx catalysts. The role of the Nafion seemed to be only to keep the surface layer attached a bit longer
than it would otherwise have stayed on.
3.4 Conformally coated MoS3 on MWNCTs — a new HER cat-
alyst composite
Based on the work described above it was not possible to definitively evaluate the effect of the con-
ductive carbon networks. The work of X. Hu and colleagues on chemically prepared MoS3 nanopar-
ticles [68] clearly showed that the mixing with MWCNTs increased the activity significantly for these
larger nanoparticles. Previously we described how to synthesize conformal coating of MoS2 on MWCNTs
(MoS2@MWCNTs)
[11]. This synthesis went through an intermediate step which most likely included a
conformal coating of MoS3 on the MWCNTs (MoS3@MWCNTs) (see Sect. 1.4). This synthesis procedure
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would have the added advantage of its ability to be adapted to coat most electrode surfaces conformally,
allowing for the deposition of non-porous protective layer of this catalyst (see Sect. 4.2 for an analogous
system with MoS2). As this intermediate had not been studied before, it was not known whether the
coating was conformal prior to the annealing and simultaneous conversion to MoS2.
MoS3@MWCNTs — synthesis
The synthesis was the same as described in Sect. 1.4. The only modification was that the thermal drying
of the catalyst was replaced by drying over NaOH in an exicator to avoid crystallization. The sample
was named MoS3@MWCNT(25%) where 25% refers to the molar loading of Mo to C.
MoS3@MWCNTs — results and discussion
Figure 3.23: TEM image of the MoS3@MWCNT.
Fig. 3.23 shows the TEM image of the MoS3@MWCNT(25%). From the TEM images, it was seen that
there were no lattice fringes appearing in the coating. Due to the poor stability of the beam (due to a
failing filament) the lattice fringes of the MWCNTs could not be resolved in the images either. Hence,
the mere absence of lattice fringes in the MoS3 was not proof that the coating was amorphous. Further
studies, which are currently underway in the form of electron diffraction, are needed to obtain proof
of the amorphous nature of MoS3. It should be emphasized that the synthesis was very similar to the
conditions normally used to prepare MoS3, so there was no reason to expect the product to be anything
except MoS3. From the TEM images the thickness of the coating was determined to be approximately
∼ 14 nm (from measured diameter subtracted the average 10 nm MWCNT diameter).
The MoS3@MWCNT(25%) was the loading for which the synthesis was developed in literature
[11,53] and
hence the base loading in this investigation. From the HER activity measurement in Fig. 3.24 decent
onset potential of 193-195 mV vs RHE at 1 mA/cm2 was observed. This should be compared to the same
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value for the electrodeposited MoSx on carbon paper where 174-178 mV vs RHE was needed to obtain
the same current density. From the Tafel analysis, a Tafel slope of 57 mV/dec and an exchange current
density of 4.4·10−4 mA/cm2geometric was obtained.
Figure 3.24: HER activity measurement of the MoS3@MWCNT, WS3@MWCNT, MoS2@MWCNT, MoS2 bulk particles,
MoS3 nanoparticles, and electrodeposited MoSx on carbon paper. 0.1M HClO4, 5 mV/sec, and IR corrected. Approximately
5 microgram Mo (52 nmol per cm2) based on the deposition composition was loaded on each electrode. This is comparable
to the deposition observed by X. Hu and colleagues [73] for electrodeposited MoSx.
The MoS3@MWCNT(25%) performed slightly worse than the electrodeposited MoSx. It could be spec-
ulated that this is due to differences in loading or electronic contact from the nanocomposite to the
electrode. In comparing the activity of the MoS3@MWCNT(25%) to that of MoS3 nanoparticles colloid
made by acid precipitation3 it was seen that the MoS3@MWCNT(25%) performed slightly worse than
the latter which in turn was slightly worse than the electrodeposited sample.
It should be noted that all the MoS3 based samples activated slowly over time (as has also been referred
in literature [68,70]), so a consistent 6 cycles were run at 50 mV/sec in the potential window of interest
prior to obtaining the data shown here. This means that the samples could improve their activity further
compared to the electrodeposited MoSx if run for sufficiently long periods (time did not allow for this to
be done here). However, the MoS3@MWCNT(25%) was still much better than both the MoS2 particles
and MoS2@MWCNT (as-made)
4. The latter was the same sample as described in Sect. 1.4 and was in
essence MoS3@MWCNT(25%) annealed in H2 to obtain the conformal defect rich MoS2 coating.
Furthermore, the W analogue WS3@MWCNT(25%) made by precipitation of an equimolar amount of
Na2WO4 · 2 H2O (Riedel-deHa¨en) was also tested. The HER activity of this compound was much lower
3A 0.1 mg (MoS3)/mL solution was made by dissolving the appropriate amount of (NH4)2MoS4 in Ar purged milliQ
water. Then 5 mole equivalents of HCl was added from a 1 M solution. The reaction solution was sonicated at 60◦C for
90 minutes to initiate reaction. The solution was left standing until used, but was agitated before use. The solution was
stable to precipitation for months.
4MWCNTs was also measured but due to impurities a stable signal was not obtained. An activity measurement of these
tubes may be seen in Fig. 1.8 albeit at a different loading.
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than that of the MoS3 based composites, so no further optimization of the W composite was done in this
work. The lower activity of the WS3 follows the trend of the MoS2 nanoplatelets and WS2 nanoparticles
tested in literature [43].
MoS3@MWCNTs — results and discussion — the effect of loading
Figure 3.25: TEM image of the MoS3@MWCNT(12%).
It was speculated that the origin of the poorer activity of the MoS3@MWCNT(25%) composite was due
to resistance in the contact point between the coated nanotubes, thus imposing a penalty resistance every
time the electron had to move from one tube to another. It was then attempted to reduce the amount of
MoS3. Reducing the amount of NaMoO4 · 2 H2O in the precipitation keeping all others constant 2 samples
with the loading MoS3@MWCNT(17%) and MoS3@MWCNT(17%), respectively were prepared. It should
be noted that the amount of catalyst loaded onto the electrodes was adjusted to be normalized to the
MoS3 content. Fig. 3.26 shows the activity of these samples compared to that of MoS3@MWCNT(25%),
MoS3 nanoparticles, and the electrodeposited MoSx. The activity dropped dramatically when the loading
decreased. As the test loading took the reduced amount of MoS3 into account, the reduction in activity
was not expected to be due to less active sites. It was observed that the MoS3@MWCNT(12%) and
MoS3@MWCNT(17%) did not disperse as well as the MoS3@MWCNT(25%). From TEM images of the
MoS3@MWCNT(12%), it was seen that only some of the MWCNTs were coated while others remained
uncoated (see Fig. 3.25). This could explain the increased hydrophobicity of the low loading sample if
the MoS3 was more hydrophilic nature in comparison to the MWCNTs. The coating thickness of the
MoS3@MWCNT(12%) samples was 3.5 nm. Thus a substantial reduction in thickness was observed (from
the previous 14 nm). Even though the thickness was reduced, the activity did not increase so it would
seem that the thickness of the MoS3 coating was not the problem.
From these observations, it would seem that the coating starts from an initial nucleation on the MWCNTs
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Figure 3.26: HER activity measurement of the MoS3@MWCNT with various coating thickness and on various carbon sup-
ports. 0.1M HClO4, 5 mV/sec, and IR corrected. Approximately 5 microgram MoS3 based on the deposition composition.
This is comparable to the deposition observed by X. Hu and colleagues [73] for electrodeposited MoSx.
and then grows from these seeds faster than nucleation on uncoated tubes. Based on these observations it
is concluded that dispersed nanoparticles or patches of MoS3 could not be synthesized by the conformal
coating process. Such a sample should be produced by deposition of pre-synthesized nanoparticles on
the MWCNTS or by alteration of the synthesis to cause rapid and almost complete precipitation. This
can be achieved by quickly adding the sulfur source under agitation, e.g., by adding a surplus of Na2S or
(NH4)2S to a stirred mixture of Na2MoO4 · 2 H2O and MWCNTs.
MoS3@MWCNTs — results and discussion — the effect of the carbon
To see the effect of the MWCNT, a comparison was made to 2 other types of carbon support, i.e.,
Vulcan carbon and graphene oxide sheets made by the Hummer’s method [89]. Fig. 3.27(I) shows the
TEM images of the resulting catalysts. It was clearly seen that the conformal coating worked on the
Vulcan carbon as homogeneously coated core/shell structures were observed. Only rolled up sheets of
GO were seen for the MoS3@GO, as is illustrated in the TEM image. It was therefore not possible to
get insight into the morphology of MoS3 from these images. The HER activity (see Fig. 3.26) of the
different supports are Vulcan C<MWCNT<GO, although for the GO a continuous decrease in cathodic
current was observed during the measurement. This decrease was likely due to the reduction of the GO
to graphene superimposed onto the HER activity when scanning to the negative potentials. It would
therefore seem that GO could potentially be just as good or better than the MWCNT composite but
neither has an improved or stable activity rivaling that of the electrodeposited MoSx. However, due to
the GO based catalyst’s poor stability it was decided to work on with the MWCNT composites rather
than the slightly better GO based catalyst.
It is not clear that increasing the loading beyond MoS3@MWCNT(25%) would cause an increased activity
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Figure 3.27: TEM image of the (I) MoS3@MWCNT, (II) MoS3@Vulcan carbon, and (III) MoS3@GO. Scale bars are 30
nm.
beyond that of the pure MoS3 nanoparticles. However, X. Hu and co-workers noted that a substantially
increased loading on the electrode compared to that of the electrodeposited samples was optimal for their
system of MoS3 nanoparticles and MWCNTs. Future experiments should aim at disclosing the effect of
an increased loading of the MoS3 catalyst on the MWCNTS and on the electrode. If this does not increase
activity to more than that of the pure nanoparticles it would indicate that the MWCNTs is merely a
supporting structure, and that the electrons preferentially transfer through the MoS3 nanoparticles. A
possible explanation for the excellent activity of the MoS3 nanoparticles is that the porous carbon paper
electrode provides enough of a conductive network to contact all the nanoparticles equally well. If this
was the case then the use of a planar substrate such as Ti-foil electrodes would cause the MoS3@MWCNT
composite to show improved activity compared to the MoS3 nanoparticles. Alternative the loading could
be increased substantially, as this would give the same effect. This illustrates the main concern for
improving the MoS3/MoSx system, i.e., to increase the loading of active sites while ensuring conductivity
to the sites and mass transport.
MoS3@MWCNTs — results and discussion — the effect of Fe and Co doping
In literature, it was observed that the introduction of Fe, Co, and Ni in the deposition bath increased the
deposition significantly. In addition, the exchange current density was seen to increase with introduction
of the dopant. It was attempted to observe this positive effect of doping for the MoS3@MWCNTs. To
include the dopants, CoCl2 · 4 H2O and FeCl2 · 4 H2O were added in a 1:3 stoichiometry to the precipi-
tation solution dissolved in the acid. This value of dopant was chosen based on the optimal value shown
by X. Hu and colleagues for the electrodeposited catalyst. It is not obvious that the optimal amount of
dopant is the same for this preparation procedure but this was taken as a starting point until a further
optimization could be performed. Due to time constraints the optimization of the doping level as well
as the use of thicker coatings of MoS3 for these doping experiments were left for future work. Fig. 3.28
shows the doped samples compared to the un-doped MoS3@MWCNT sample.
The HER activity measurement showed that the Co-doping significantly increased the activity of the
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Figure 3.28: HER activity measurement of the MoS3@MWCNT with Fe and Co doping. 0.1M HClO4, 5 mV/sec. (I) with
and (II) without IR correction. Approximately 5 microgram MoS3 based on the deposition composition. This is comparable
to the deposition observed by X. Hu and colleagues [73] for electrodeposited MoSx.
MoS3@MWCNT(25%) so that the onset was in fact better than that of the MoS3 nanoparticles. It
should be noted that the IR correction for these samples varies from 10-17 Ohm (∼ 20 Ohm for the
electrodeposited MoSx). Due to the excellent activity this caused a significant uncertainty. In fact if not
corrected for IR (see Fig. 3.28(II)) the Fe and Co are much closer to each other than they appear after
correcting for electrolyte resistance. This large effect of slight differences in IR-correction makes it difficult
to determine the exact reaction order. On top of this effect, is the known mass-transport issues of the
porous carbon electrodes (see Sect. 3.3.1) further adding to the difficulties in assessing the reaction order.
Nonetheless, it is clear that there was a significant positive effect of doping the chemically prepared MoS3.
Further experiments including TEM imaging are needed to determine if the dopants are predominant
on the surface of the MoS3@MWCNT or evenly distributed in the coating. A priori it is expected that
the Co segregates to the surface, from DFT studies [43]. Further experiments at pH 0 (to reduce the
IR-correction) on planar electrodes or rotating disc electrodes (to reduce effects of mass-transport) are
needed to unambiguously rank the activity of these electrocatalysts.
In summary it has been shown that electrodeposited MoSx showed a better Tafel behavior than the
MoS3@MWCNT composites. MoS3 showed a higher activity than the MoS3@MWCNT composite —
this was argued to be a result of the conductive nature of the porous carbon electrode making the
MWCNT redundant. This may change if a planar substrate or higher loading was used.
The introduction of the Fe and Co doping increased activity, the largest increase was observed for Co
doping. Further studies are needed to determine the amount of dopant introduced, whether the dopant
segregates to the surface, and the optimal amount of dopant.
The effects of decreasing the amount of MoS3 deposited on the MWCNTs had a negative effect on the
activity but further studies are needed to determine if increased loadings will further increase the activity.
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In addition, the latter will also determine if MoS3 nanoparticles pose the upper limit for MoS3@MWCNT
composite or whether further improvement may be realized.
Further studies should also address the stability of these composite materials compared to MoS3 nanopar-
ticles and electrodeposited MoSx. It is expected that the structural rigidity of the MWCNT network may
increase the stability of the composite over that of the particle based system.
3.5 Summary and conclusion — Chapter 3
This chapter attempted to add to the understanding of the active site of the electrodeposited MoSx
described by X. Hu and colleagues [67]. It was investigated whether the MoSx behaves amorphous MoS2-
like, MoS2 edge-like sites on a MoS3 substrate, or — as suggested by P. Alivisatos and colleagues
[70] —
like a reduced MoS3 structurally similar to MoS3 and widely different from MoS2 amorphous or crystalline
during oxidation.
Initially it was attempted to synthesize amorphous MoS2 nanostructures in the form of nanoparticles and
nanowires. It was anticipated that by synthesizing these structures the effect of increasing crystallinity
could be investigated by a combination of TEM and electrochemistry. Unfortunately, the polymer used to
stabilize the nanoparticles during synthesis could not be removed afterwards. This caused the formation
of a carbonaceous film upon annealing which interfered with the electrochemical measurements and
the conclusions that could be derived from the experiments. Hence, it was attempted to synthesize
nanowires without the use of stabilizers. It was found that this synthesis was dependent on seeds from
previous syntheses and therefore highly irreproducible. This ended the investigation of the HER activity
of amorphous MoS2 and the effects of annealing.
Oxidizing nanoplatelets of MoS2 has previously been demonstrated to give insight into the fraction of
edge sites to the total amount of MoS2
[43]. It was found that the electrodeposited MoSx did not oxidize at
potentials similar to that of MoS2 edges, basal planes, or MoS3. This supports the idea that the surface
— and therefore the active sites — are not MoS2 edge-like. As amorphous MoS2 was not measured due
to the issues of synthesis as outlined above, it could not be ruled out that the oxidation could resembled
the amorphous MoS2.
As the electrodeposited MoSx was annealed in a H2S atmosphere at increasing temperatures the oxi-
dation feature shifted to values resembling that of MoS2 edges from 50
◦C–100◦C. When the annealing
temperature was increased further to 150◦C the oxidation feature resembled that of MoS2 edges and
basal planes seen for nanoplatelets of MoS2
[43]. At annealing temperatures beyond 200◦C the oxidation
feature shifted towards that of bulk MoS2. This indicated increasing crystallization into MoS2 as the
temperature was increased. This was in accordance with the fact that MoS3 is well known to decompose
into MoS2 at 310
◦C under inert atmosphere [80].
These observations lead to the conclusion that the electrodeposited MoSx changed with increasing temper-
ature into a structure resembling bulk MoS2 as it was annealed. This also indicated that the as-deposited
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MoSx was not MoS2-like.
Interestingly, it was observed that MoS3 made by a chemical synthesis — after being reduced by a
potential sweep to negative potentials — showed an oxidation feature that shifted negative of the as-
deposited MoSx. This could indicate that there was an inherent difference between the electrodeposited
MoSx and MoS3. However, more experiments and supporting analyses are needed to substantiate this
claim.
The second part of this chapter discussed the possibility of introducing MWCNTs into the electro-
deposited MoSx catalyst. These composite films seemed to show some promise as a slight improvement
was seen in these samples over the non-composite films. However, the variation was not significant (nor
reproducible) when compared to the variation between repeated syntheses of the unmodified catalyst. It
was concluded that while the introduction of COOH-MWCNTs had affected the deposition, the effect
was not reproducible, perhaps due to a insufficient dispersion of the COOH-MWCNTs.
To ensure that the MWCNTs were deposited on the electrode surface, the COOH-MWCNTs were de-
posited first on the electrodes by electrophoretic deposition. The MWCNTs were then reduced at ele-
vated temperatures to stabilize the MWCNT film. The MoSx and Fe-MoSx were then deposited onto the
MWCNT film. The resulting electrodes showed a comparable HER activity to that of the unmodified
catalyst. It was concluded that the deposited catalyst was not distributed throughout the MWCNT film
but was most likely deposited on top of the MWCNT film only. Due to time constraints neither this
strategy nor the previous could be further investigated.
To obtain a proof of concept of the improved HER activity upon the introduction of a carbon based
conductive network, the effect of depositing the Fe-modified and unmodified MoSx onto porous carbon
paper electrodes was investigated. These electrodes have a large pore system and are known to be stable
during the HER. It was found that these electrodes — in spite of the larger surface area — showed poorer
activity and lower deposition efficiency compared to a flat Ti-foil electrode. This indicated that the MoSx
catalyst deposited only in the outermost part of the porous electrode — or that any catalyst deposited
within the electrode — was much less efficient. It is hypothesized that if a more hydrophilic electrode
was prepared or the deposition was modified to better wet the hydrophobic electrode then an improved
activity might result.
The MWCNTs were introduced to act as an electron transport “highway system” as well as to stabilize
the MoSx layer towards peeling off due to mechanical stress caused by bubble formation. To test if
the porous carbon electrode stabilized the film, 2 electrodes were run for 24 hours. To further improve
catalyst adhesion, Nafion was dip coated on 1 electrode. From these experiments it was seen that the
current drawn from these electrodes at a constant potential still degraded to about 70% of the initial
current and then stopped. This was assumed to be because the conductive carbon fibers of the electrode
held the particles in place. Further experiments are needed to verify and explain this improved stability.
Finally, MWCNTs were introduced into a chemically prepared MoS3 catalyst to ensure the interaction of
the MWCNT and the catalyst. These catalyst composites had the advantage that they could be prepared
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separately from the electrode and applied in a subsequent step to any electrode surface. Samples with
varied amounts of MoS3 and WS3 were prepared and compared the electrodeposited MoSx and MoS3
nanoparticles. The WS3 was found to have a very low activity. The MoS3 composites showed an increased
activity with increasing loadings, however the highest activity (25% Mo/C loading) was still below that
of the MoS3 nanoparticles and the electrodeposited MoSx. It was concluded that the porous carbon
electrode, onto which all the catalysts were loaded, introduced enough conductivity to the MoS3 catalysts
that there was little difference to the composite material. Further experiments on planar substrates and
with higher loadings are currently being performed.
Co and Fe doping was introduced during the coating synthesis to further increase the activity of the
MoS3@MWCNT composite. The Co doped composites showed an increased activity beyond that of the
MoS3 nanoparticles and indeed a better onset potential than the electrodeposited MoSx. The addition of
the Fe-dopant to the precipitation synthesis decreased the HER performance compared to the non-doped
catalyst.
It was concluded that the introduction of Co doping also affected the MoS3 and not only the electro-
deposited MoSx as was demonstrated by X. Hu and colleagues
[73]. The negative effect of the Fe doping
could be due to the Fe incorporating differently into the MoS3 in the precipitation synthesis compared to
the electrodeposition. Hence, the effect of the Fe could have been to increase the electrodeposition and
not to enhance the intrinsic affectivity of the MoSx, this was suggested X. Hu and colleagues in their work
too [73]. It is the author’s opinion that investigating the difference between the Fe-doped electrodeposited
and Fe-doped precipitated MoS3 for instance by XPS, may elucidate the role of the Fe in the 2 materials.
The effect of the MWCNT incorporated into the electrodeposited MoSx and chemically prepared MoS3
was inconclusive from the experiments conducted in this thesis. It is known from the work by X. Hu
and colleagues [68] that a positive effect exists so the difference may lie in the optimization of the sys-
tems presented here. It was demonstrated that Co also improved the HER activity of MoS3@MWCNT
composites analogous to MoS2 and electrodeposited MoSx.
Future, research in this area should in the author’s opinion aim to elucidate the items listed below.
• Investigate the difference between MoS3 and electrodeposited MoSx and why their oxidation be-
havior differs.
• Investigate the discrepancy in HER activity between Fe-doped electrodeposited MoSx in this work
and in literature.
• Study the exact effect of Co and Fe dopants for their effect on the electrodeposition and altering
the intrinsic HER activity of (MoS3
• Measure the conductance through the MoS3 and electrodeposited MoSx to see if this could cause
the difference in HER activity for these 2 materials.
• Investigate the optimal thickness of the MoS3 coating for the MoS3@MWCNT composites and
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thereby find if the MWCNTs increase the conductivity through the catalyst film compared to a
film of randomly stacked MoS3 nanoparticles.
• Because the resistivity through graphite is significantly lower than it is through MWCNTs (2 orders
of magnitude), then the use of graphite or graphene materials may improve the HER activity of
the MoS3 composites.
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CHAPTER 4
PEC cathodes based on Si and Molybdenum sulfides
This chapter aims to investigate the electrochemistry of n+p-Si as photocathodes for the HER. The
focus is on the electrocatalysis at the liquid interface whereas the n+p-Si is “merely” providing the
photovoltage. The electrodeposited MoSx described in Chapter 3 is used throughout this chapter to
provide a high catalytic HER activity. The first part treats our recent publication in which we used Ti
as a protective layer on the n+p-Si. The second part investigates the use of Mo or W as the protective
layer. These protective layers are used in combination with a sulfidization procedure to create MoS2 or
WS2 surfaces which have a higher intrinsic stability and an inherent catalytic HER activity. The latter
work is currently under preparation for publication.
4.1 MoSx on Ti protected n
+p-Si
Having studied the electrocatalytic activity of the MoSx system, we applied this to Si-photocathode. The
electrochemical work for this section was done in collaboration with Dr. B. Seger and most of the results
have been published [77]. For this work we have applied the n+p-Si made according to the procedure in
Sect. 2.3 and un-doped MoSx.
The role of the protection layer
Before attempting to deposit the catalyst on the Si, it was recognized that Si needed to be protected
during the deposition. H terminated Si (H-Si) is resilient to oxidation from moist air at room temperature
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but only for about 1 hour [90]. This short-term stability means that the native surface oxide need to be
removed immediately before depositing the HER catalyst, however, even with HF cleaning right before
deposition the H-Si was not stable under the fairly positive potentials of the MoSx deposition. Fig. 4.1
shows the 1st, the 9th and the 19th cycle of the deposition CVs for MoSx deposited straight onto H-Si.
In the 1st cycle it was clear that a significant positive current was drawn at the most positive potential.
During the first 9 cycles this anodic current decreased significantly each cycle and then slowly for the
last 10 cycles. This was contrary to what was normally observed for MoSx on Ti-foil electrodes, where
the cathodic and anodic current increase on each cycle. This difference was interpreted as an anodic
oxidation of the Si surface which decreased over time due to the self-passivating effect of the SiO2. The
SiO2 layer formed during deposition was expected to be detrimental to the HER activity because of the
barrier for electron transfer introduced by the oxide layer.
Figure 4.1: Deposition CV cycle: 1, 9, and 19 from the deposition of MoSx on an H-terminated n
+p-Si electrode and a
TiOx/Ti/n
+p-Si photoelectrode.
In order to introduce a conductive corrosion barrier several compounds were considered. The requirements
were 1) a reasonable transparency to the red-light photons used in the tests, 2) a chemical stability to
the 1 M HClO4 electrolyte used in these experiments, 3) electron conductivity, and 4) easy deposition
directly on the H-Si. The demand for chemical stability excluded most metals except for the noble
metals. As we wanted a sustainable alternative to Pt, the introduction of a noble metal protection layer
was counterproductive. It should be noted that MoS2 could be a nonmetal oxide possibility and this
option is treated in the next section. It is not very likely that a metal oxide could be deposited directly
on the H-Si surface without the very electropositive Si immediately oxidizing. Hence, the most prudent
method a priori would seem to be the deposition of a metal, preferably a more electropositive metal than
Si, on the H-Si and then conversion of the top most metal into an oxide. Alternatively reactive sputtering
could deposit a more controlled thickness of oxide.
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The protection layer and illumination trade-off
It should be noted that the photoelectrodes studied here were illuminated from the front, i.e., through
the catalyst layer. This was due to the limitations in the sample preparation. It was much easier to
achieve a good contact when the contact was made on the backside. This makes sense intuitively if one
considers that electron transport is greatly enhanced in illuminated Si. Therefore, the contact was placed
in a region where the photoelectrode was illuminated — behind the n+p-Si mesa. Furthermore, this
contact position allowed for the shortest transport distance for the electrons from the contact point to
the active surface. This way of contacting the electrode caused the protective metal layer to reduce the
light absorbance of the photocathode.
It could be argued that for the final tandem-device, which is the aim of these low band gap photocathode,
this light absorption would pose less of an issue as the main illumination would come from the backside.
On the other hand, if nano structured electrodes are to be used, i.e., in the form of wires or random
porous structures, the light absorption of the metal will important even when the electrode is illuminated
from the backside. This is caused by light escaping the electrode into the pores, which then has to be
scattered and re-absorbed in the semiconductor. This would then go through the surface causing losses
in the protective layer. The optimization of the metal thickness was not considered in this work, only
the slightest adaption of the thickness was performed and this was only to achieve a layer thick enough
to allow for reproducible pin-hole free films.
Figure 4.2: Solar simulations used for deposition and testing over-
lapped with the reference spectrum of AM1.5g solar irradiation [25].
The final application, as a photocathode in
tandem devices, is also the reason for the use
of red-filtered light. Thus we cut off wave-
length below 645 nm while simulating the
AM1.5g solar spectrum. In practice this was
done by adding a red cut off filter (<635-
650 nm) as well as a AM 1.5g solar simula-
tion filter, and adjusting the power output of
the 1000W Xe lamp until the integrated ir-
radiance approximately equaled that of the
AM1.5g spectrum above the cut off wave-
length. For the MoSx deposition a Xe 150W
solar simulator lamp was used, with the same
red cut off filter but without the AM1.5 filter. The irradiance was still adjusted as above. Fig. 4.2 shows
the reference spectrum for AM1.5g and the 2 simulated spectra used in this study. The sharp Xe lines
were visible in both simulations but more pronounced without the AM1.5 filter. As a result there is some
deviation in the number of photons absorbed of a given wavelength and thus a slight deviation in the
resulting photocurrent measured compared to actual solar light. For the deposition the illumination was
merely to achieve the right photovoltage and conductivity through the photocathode, thus the limiting
photocurrent was of less concern for this application.
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The TiOx/Ti protection layer
Figure 4.3: (I) Cross-section SEM image, (II) schematic electrode structure, and (III) XPS sputtering profile of the
MoSx/TiOxTi/n
+p-Si electrode. Inserts A, B, and C are detail spectra from the XPS sputter profile at various sputtering
times. The lines indicate the reference binding energy of Ti2p3/2 for Ti, TiO2, and Si2p3/2 for Si, and SiO2
[91].
Fig. 4.3 shows the structure of the photocathodes after depositing the MoSx catalyst layer. In the
cross-section SEM image, the thickness of the MoSx catalyst layer may be estimated. The porosity of
the catalyst layer was not seen from the SEM image. From the XPS sputtering profile it was noted that
initially the S 2p and Mo3d lines showed a significant amount of oxidation. After sputtering a bit into
the MoSx layer the Mo3d lines showed only a doublet at 229 eV for the Mo3d5/2 which was indicative
of the reduced MoSx(data not shown). However, after sputtering into the MoSx, the S/Mo ratio fell way
below the expected ∼3. It is well known from literature that purposefully oxidized sputtered MoS2 thin
films show a Mo doublet of MoO3, which moves towards the characteristic binding energy of MoS2 upon
sputtering with Ar [92]. The difference in ratio of S/Mo may have been caused by the different sputtering
rate of S and Mo due to the difference in mass, as the lighter S was expected to sputter faster than the
Mo. Thus the difference in stoichiometry was most likely an artifact due to the destructive nature of the
sputtering profile. Another point in the sputtering profile was that the O concentration decreased before
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the Si began to increase. The inserts in Fig. 4.3(III)B show the XPS detail spectra at the sputtering
time, at which Si first appears. This spectrum shows only 1 Si doublet at the binding energy expected for
metallic Si. This Si peak did not shift with sputtering time which indicated that the Si did not change
oxidation state with depth (see Fig. 4.3(III)C). This, along with the fact that the Ti showed a binding
energy indicative of metallic Ti, indicated that the Si was metallic (see Fig. 4.3(III)B. The Ti doublet
shifted from the binding energy of TiO2 (see Fig.4.3(III)A) over various intermediate binding energies
down to the metallic at the Si interface. As argued above for the MoSx, sputtering is a highly destructive
analysis, meaning that the determination of oxidation state purely based on the binding energy is at best
tentative. Still, the multiple factors pointing towards the Si being un-oxidized were very convincing.
The HER activity of the MoSx/TiOx/Ti/n
+p-Si photocathodes
Figure 4.4: HER activity measurements in 1M HClO4 at 5 mV/sec.
Fig. 4.4 shows the HER activity of the n+p-Si, the TiOx/Ti/n
+p-Si, the MoSx on unprotected n
+p-
Si(MoSx/SiO2/n
+p-Si), and the MoSx/TiOx/Ti/n
+p-Si. From these measurements the catalytic HER
activity of the TiOx and the H terminated Si was seen to be poor, as was expected
[18]. The increased
activity of the MoSx on unprotected n
+p-Si was due to the increased HER activity of the MoSx in spite
of the insulating SiO2 layer. The MoSx/TiOx/Ti/n
+p-Si showed improved HER activity by nearly 650
mV at 10 mA/cm2 which is the current density associated with a ∼ 10% STH efficiency device in uncon-
centrated solar light. To obtain the true overpotential for this catalyst, a photo-NHE was constructed by
depositing about 5 µg dihydrogendinitrosulfatoplatinate (from aqueous solution) on a TiOx/Ti/n
+p-Si.
The Pt salt was reduced in situ by applying the most negative of the HER activity measurement and then
scanning positive to measure the onset potential. The photocurrent of the Pt deposited sample showed a
further ∼150 mV improvement over the MoSx/TiOx/Ti/n+p-Si photoelectrode. From a Tafel analysis,
the Tafel slope of the MoSx/TiOx/Ti/n
+p-Si was estimated at low overpotentials to be 39 mV/decade. 0
V vs photo-NHE was then taken as the intersect of the Pt/TiOx/Ti/n
+p-Si with the RHE axis, found to
be 0.47 V vs RHE. This allowed us to calculate an exchange current density of 1.4·10−4 mA/cm2geometric.
This should be compared to the values of 40 mV/dec and an apparent exchange current density of ∼
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1.3·10−4 mA/cm2geometric shown by X. Hu and co-worker [67] — within the experimental uncertainty the
similarity between the values obtained here and in literature was striking.
The role of the TiOx layer in the MoSx/TiOx/Ti/n
+p-Si photocathodes
Figure 4.5: Bandgap diagram for the MoSx/TiOx/Ti/n
+p-Si.
The conduction of the electrons through the
TiOx/Ti protection layer was hypothesized to oc-
cur by conduction through the conduction band of
TiO2. The anatase TiO2 has a band gap of 3.2
eV and a conduction band position around 0.2 V
vs RHE [50]. Thus it would be expected that the
conduction band would introduce an overpotential
of ∼0.2 V. However, by comparing the onset po-
tential for the photocurrent of the photo-NHE to
that presented by N. S. Lewis and colleagues [74],
it was seen that these were essentially the same at 0.47 and 0.56 V vs RHE, respectively. The slight
difference was within the variation observed between samples. A band gap diagram was constructed to
understand why there was no effect of the interfaces. Ti and Si form a 0.5 eV Schottky barrier, but
due to the high doping in the n+-Si surface the Debye length reduces the barrier thickness to less than
1 nm. Thus, the barrier becomes an insignificant tunnel barrier. As the TiOx could best be regarded
as a n+-TiO2, the fermi level of the n
+-Si and the n+-TiOx would behave as metals and align with the
H2/H
+ redox potential, see Fig. 4.5. In summary, the introduced TiOx/Ti layer acted as an effectively
barrier-less metallic conductive energy level from the n+ Si to the liquid interface.
The stability of the MoSx/TiOx/Ti/n
+p-Si photocathodes
To test the durability of the protective layer the electrode was run for 1 hour collecting samples from
the Ar purged headspace were collected at 15 minutes intervals. These were then analyzed by gas
chromatography (GC) for the gas composition. A standard series of samples taken from the headspace
— after adding a known volume of H2 — was used to calibrate the obtained H2 signal to the actual
evolved product. The resulting current versus time and integrated current/H2 produced versus time are
shown in Fig. 4.6(I). To exclude the risk of H2 cross-over from the counter electrode compartment it
was verified that no detectable amount of H2 could be found in the headspace even after 2 hours of
continuously bubbling the counter compartment with H2 without bubbling the working compartment.
The observed off-set from 100% Faradaic efficiency appearing in the first measurement was regarded as
minimal, and could very well have been due to H2 dissolution in the electrolyte of the working electrode
compartment. In fact, there were ∼ 30 mL electrolyte in the compartment and the solubility of H2 at 20◦C
is 1.411·10−5mol H2/mol water [93], which means that around 23 µmol H2 should have dissolved in the
electrolyte when the experiment was started. If this correction was taken into account the photocurrent
showed 100% Faradaic efficiency, as seen in Fig. 4.6(I).
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A curious behavior was observed when the electrodes were run for extended periods of time. After some
hours the photocurrent suddenly dropped almost instantaneously to a much lower value (see Fig. 4.6(II)).
A SEM image of the electrode after running 24 hours was seen to have large patches of the catalyst film
missing, see Fig. 4.6(III). This suggested that the catalyst film was peeling off the electrode over time
as this explained both the degradation behavior and the SEM image. X. Hu and co-workers [73] similarly
reported that their MoSx degraded due to mechanical stress.
It seemed likely that the large amount of H2 gas evolved in the nano-porous film may have blocked the
pores and this could eventually lead to the breaking of the film. The cohesive forces within the film
seemed large enough to withstand the forces of the evolved gas as pieces of catalyst film was observed in
the working electrode compartment on rare occasions.
An alternative explanation is that the formed H2 caused hydrogen embrittlement of the underlying
metallic Ti film, causing the whole TiOx/Ti protective film to peel off. Indeed, XPS sputtering profiles
after testing suggested that the TiOx was thinner (required less sputtering time to break through to the
Si).
From the Pourbaix diagram for Ti, the Ti3+ ion was seen to be formed below -0.35 V and TiH below -1
V vs RHE at pH 0 [94]. Thus both options were thermodynamically possible in the range of applied bias
during the HER activity measurements.
It was concluded that there were 3 possible competing mechanisms for the degradation of the photo-
cathode around the 0.3 V vs RHE applied bias at which the stability tests were run: 1) the reduction
TiO2+e
–+4 H+ −−⇀↽− Ti3++2 H2O below 0.12 V vs RHE applied bias under illumination. It was borderline
that this could happen but not unrealistic, 2) the hydride formation, TiO2 +5 H
+ +5 e– −−⇀↽− TiH+2 H2O
below -0.53 V vs RHE applied bias under illumination. This seemed less likely but as the catalyst tran-
siently reduces protons to H atoms on the surface, the more reactive atoms may cause a localized high
reduction potential, or 3) the peel off of the MoSx layer supported by the observation in literature on
FTO electrodes [73]. Leaving a thin film of TiOx/Ti in electrolyte overnight visibly reduced the thickness
of the metal film indicating the inherent instability of the TiOx/Ti protective layer. We could not devise
an experiment that would definitively conclude whether the TiH could form at the employed conditions,
so this option although less likely could not be ruled out. Mechanism 3) is known to contribute from
literature and was also supported by the observation of catalyst particles in the solution.
Towards improving the stability of the MoSx/TiOx/Ti/n
+p-Si photocathodes
Next, a constant negative potential deposition of MoS2 prior to the MoSx deposition was attempted.
This could potentially ensure that the TiOx/Ti layer was protected from the formed H2 and as the MoSx
particles seemed to stick nicely to one another it was hoped that they would stick well to this interface
layer too. Fig. 4.7(I) show the resulting HER activity when the electrode was kept at the most negative
potential of the deposition CV for 30 seconds before depositing for the standard 19 cycles. The HER
activity was seen to shift to slightly more negative potentials for these films indicating an increased
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Figure 4.6: Stability measurements in 1M HClO4 at a fixed potential of 0.3 V vs RHE (I) for 1 hour and (II) for 24
hours. (III) SEM of MoSx/TiOx/Ti/n
+p-Si with and without MoS2adhesion layer after running 24 hours. In (I) the H2
quantification by GC measurements is presented as measured (in black) and with a correction for the approximate amount
of H2 dissolved in the electrolyte (in green), see text.
resistance through the thicker film. The limiting photocurrent was also slightly reduced indicating the
increased light absorption in the thicker catalyst film. Fig. 4.6(III) show a SEM image after running
such an electrode for 24 hours, it was clearly seen that the film had peeled from the surface and even in
some parts flapped over to cover the neighboring film. Thus it was concluded that the adhesion film was
ineffective either due to pinholes in the film or simply due to poor adhesion to the TiOx surface. As the
exact mechanism of MoSx deposition was not known, it could not be ruled out that the MoS2 interface
layer was also converted into MoS3 or otherwise changed during MoSx deposition. This would remove
any effect this layer might otherwise have had.
In our work under preparation, Dr. B. Seger further developed the electrodes to employ a thick TiO2
layer deposited by reactive sputtering. These electrodes had approximately a 7.5 nm Ti layer and 100
nm TiO2. Generally, the electrodes showed some variation in the time it took for degradation, which
demonstrated that the sputtered films were not completely homogeneous in terms of being pinhole-free
etc. The as-made electrodes however consistently showed poorer stability than electrode deposited at
increased substrate temperature. The increased temperature caused an increased crystallization of TiO2,
reducing the amounts of defects. In these experiments Pt was used as the HER catalyst to avoid the
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Figure 4.7: HER activity measurement in 1M HClO4 at 5 mV/sec comparing similar samples as in Fig. 4.4 with that of
the electrodes modified with an MoS2 interface layer.
concurrent loss of the catalyst film due to peel off. This demonstrated that the degradation could be
severely suppressed once a homogeneous and less defect-filled film was formed. It does not, however,
reveal whether dissolution or hydride formation was responsible for the degradation. These electrodes
easily run for 24 hours but as indicated above consistency was still an issue which would have to be
solved before any practical implementation. It is, of course, always a concern to suggest the use of a
material which is not thermodynamically stable under operation conditions for an utilization in which
lifetimes of around 30 years are demanded. Further work is aimed at employing other oxide films which
are thermodynamically stable such as Ta2O5 or MoS2 as is the subject of the next section.
4.2 PEC cathodes combining protective and active layer: Moly-
denum and tungsten sulfide
Based on the experience with Ti−TiOx as the protective layer on n+p-Si photocathodes, we set out
to investigate if it was possible to combine the protective layer with the active layer. Molybdenum and
tungsten sulfides could provide both the stability and the catalytic activity needed to provide a protection
layer and an active HER catalyst. A few points realized initially were taken into consideration.
1. MoS2 is a poor conductor across the basal planes, which are also the thermodynamically expressed
surface. Hence, a carefully optimized thickness of the MoS2 layer is needed to provide stability,
without posing a too large resistance to the electrochemical activity. It is assumed the same applies
for WS2.
2. Increased temperature increases the amount of basal plane alignment parallel to the surface (the
thermodynamic orientation) and therefore increases the resistance for the reaction.
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3. Increased temperature allows for the growth of crystallites, and thereby the basal planes, resulting
in fewer edges and thus active sites.
4. From the work of T. F. Jaramillo and colleagues [95], it is expected that a sulfidization temperature
around 200◦C is needed to obtain a pinhole free surface coating of MoS2 on MoO3.
5. Similarly, as for the Ti−TiOx, the thickness of the metal layer is imperative in both keeping the Si
unoxidized as well as limiting the amount of light which may be absorbed.
The HER activity of MoS2/Mo/n
+p-Si
Figure 4.8: HER activity measurement of MoS2/Mo/n
+p-Si (sulfidized at 150◦C for 12 hours), MoS2/Mo/n
+p-Si (sul-
fidized at 450◦C for 4 hours), MoOx/Mo/n+p-Si (as-made), and Pt/MoS2/Mo/n
+p-Si (sulfidized at 450◦C for 4 hours
before 5 µg Pt salt was electrodeposited as for the TiOx/Ti/n
+p-Si).
Fig. 4.8(I) shows the HER activity of the as-deposited Mo film in 0.1M HClO4 (pH 1.2). This showed
a reasonable activity for the HER. It was noted that the onset potential was shifted to slightly higher
overpotentials in the first cycle of the CV than for subsequent scans. This was taken as indicative of an
initial transformation and it was speculated that this could have been due to a reduction of a surface
oxide. The electrode structure was assumed to be MoOx/Mo/n
+p-Si where the MoOx may be MoO2 or
MoO3 which was then reduced to MoO2 or Mo on the first scan (see Fig. 4.9). MoO2 was known to be
electrically conductive [96] and to form at potentials below ∼ 0.39 V vs RHE at pH 1 [96], see Fig. 4.9.
At the potentials where the HER occurs, Mo was the thermodynamically stable form and it thus seemed
more likely that the initial change was from MoOx to Mo.
Si photoelectrodes were prepared with a mesa n+p-junction and 10 nm of W or 14 nm Mo was e-beamed
onto the electrodes (see Sect. 2.3 for the procedure). The difference in thickness was due to convenience
of production. The thickness was chosen to be around that of the Ti−TiOx.
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Figure 4.9: Pourbaix digram for Mo at 25◦C and 0.007 atmo-
sphere H2. A thick dashed line indicates the pH 1 electrolyte
used in the HER activity measurements and a full thick line
(a1) indicates the HER evolution potential under 1 bar H2.
The numbering of each of the phase transition lines indicates
the reaction occurring at that potential, see these reactions.
Reproduced from literature [96].
Initially the electrodes were sulfidized at a fairly
low temperature. This was done to give the largest
amount of disorder in the sulfidized film giving
rise to more edges and thus active sites. As ar-
gued above, this would also lessen the likelihood
that electronic resistance would become dominat-
ing. From the work of T. F. Jaramillo and co-
workers [95]. It was suspected that around 200◦C
would be needed to form a pinhole free sulfide
layer, so 150◦C should form a decently thin and
pinhole free film. A sulfidation temperature of
150◦C for 12 hours in 10% H2S/H2 was chosen
to ensure full sulfidation of the thin film surface.
The HER onset was significantly shifted to higher
overpotentials for these electrodes. This was
highly surprising, as MoS2 is known to be a su-
perior catalyst to metallic Mo [38]. Therefore,
it is suggested that the increased overpotential
must have been due to an increased resistance
through either a subsurface oxide or the top layer
of MoS2. The electrode structure was assumed to
be MoS2/MoOx/Mo/n
+p-Si. An initial activation
was observed for the metal electrodes as well. This was taken as a good indication of the subsurface oxide.
Due to time constraints, angle resolved XPS analysis of the film (which should be able to identify if there
was a subsurface oxide) was not obtained. The reduced limiting photocurrent was assumed to be due
to inconsistent illumination, even though the deviation was significantly more than what was normally
observed.
At the initial reduction of the subsurface oxide a concurrent loss of oxygen most likely as H2O should
occur. As the reaction was assumed to occur in the subsurface, the oxygen could not escape by diffusion.
It has not been possible to determine how the oxygen was lost or if a disproportionation type reaction
occurred (3 MoO2 −−→ Mo + 2 MoO3).
In order to avoid the subsurface oxide, the sulfidation was increased to 450◦C which is known to be
sufficient to sulfidize MoO3
[43]. Both from the work of R. Tenne and colleagues [85] and T. F. Jaramillo [95]
it was known that sulfidation of MoO3 causes core/shell structures, thus indicating that this could be
the problem for these thin films as well. Sulfidizing for 4 hours was shown by J. Bonde et al. [43] to be
sufficient to form nanoplatelets. Based on this observation, 4 hours was chosen as the sulfdation time
because it should be sufficient to form at least 1 complete monolayer of MoS2 but most likely enough to
sulfidize it all the way through. In Fig. 4.8 the HER activity of these electrodes was seen to be better
than the 150◦C sulfidized sample and almost as good as the metal electrodes. Unfortunately, this means
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it was still far worse than what was expected for MoS2.
XPS analysis of the MoS2/Mo/n
+p-Si and WS2/W/n
+p-Si
Figure 4.10: XPS analysis of the samples 450◦C sulfidized Mo and W on n+p-Si. Measurements courtesy of Ph.D. student
P. Malacrida.
XPS analysis in Fig. 4.10 of this electrode showed that a small amount of MoOx and Mo could be seen in
addition to the primary phase of MoS2. Thus the MoS2 layer must be close to the measuring depth of the
XPS (on the order of 3 nm in pure Mo [76]). As the Mo subsurface could be detected the thickness of MoS2
had to be less than the measuring depth. Therefore, it could be concluded that the MoS2 thickness was
around 3 nm of the total 14 nm Mo deposited. This together with the small amount of MoOx indicated
that at 450◦C for 4 hours the native oxide was indeed sulfidized approximately all the way through.
The origin of the overpotential for the HER on MoS2/Mo/n
+p-Si
To evaluate the effect of the resistance through the MoS2 a layer of Pt nanoparticles was deposited on
the surface of the sulfidized electrodes. The HER activity of this electrode is shown in Fig. 4.8. The
onset potential for the Pt was around 0.5 V vs. RHE which showed that the conduction through the
MoS2 layer was not limiting in this case.
Bcause the Pt/MoS2/Mo/n
+p-Si sulfidized at 450◦C for 4 hours showed exactly the activity expected
for Pt on a n+p-Si [74], it was concluded that the MoS2/Mo/n
+p-Si electrodes were restricted by the
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conduction of the electrons to the surface. This could be caused by either poor conduction through the
MoS2 or a MoS2 interface barrier.
Hence, 3 possible explanations seemed plausible to be cause of the decreased activity of the MoS2/Mo/n
+p-
Si samples: 1) a MoS2-liquid interface barrier, 2) poor conduction through the MoS2 layer, or 3) lack of
active sites on the MoS2 surface or any combination of the three. The deposition of Pt could mitigate
all 3. The Pt nanoparticles could locally change the interface barrier allowing electrons to get through.
Due to the high density of states at the Fermi level, Pt would improve tunneling through not only an
interface barrier but also through the entire MoS2 layer as it was only ∼ 3 nm thick. In addition, Pt
is the archetypical HER catalyst so it provides plenty of active sites. It could therefore not be derived
which of the 3 possibilities was responsible for the poor performance of the MoS2.
Figure 4.11: Stability measurement for the
Pt/MoS2/Mo/n
+p-Si. In 1M HClO4 at 0.3 V vs RHE.
If the limiting factor for the activity was indeed
the number of active sites then depositing another
catalyst on top of the MoS2 could improve the
performance. Previously, it was shown that de-
positing MoSx on TiOx/Ti/n
+p-Si increased the
activity of these significantly (see Sect. 4.1). As
the introduction of Fe dopants was shown in liter-
ature to further increase the activity of the MoSx,
it was chosen to deposit a layer of Fe-MoSx on
the sulfidized MoS2/Mo/n
+p-Si electrodes. These
experiments were done before realizing the issues
with observing the promotional effect of the Fe
otherwise observed in literature [73] (see Sect. 3.3).
Fig. 4.8 shows the resulting HER activity for this electrode. The onset of HER was seen to improve but
the limiting current was reduced due to absorption of light in the Fe-MoSx layer. It should be emphasized
that nothing deposited in the attempts to deposit Fe-MoSx directly onto the MoOx/Mo/n
+p-Si electrodes.
This was either due to the dissolution of the MoOx as seen from the Pourbaix diagram (see Fig. 4.9, pH
7 E = -0.8–0.3 V vs SHE) or the cycling of the MoOx between Mo, MoO2, and HMoO
–
4. Each phase
transition would be accompanied by a change in density and therefore the sheer mechanical force might
dislodge the Fe-MoSx films as it formed. Hence, the MoS2 layer served not only to protect the Si surface
but also to allow for the deposition of the MoSx film. The similarity to the purpose of the TiOx/Ti
protective layer was evident. However, the MoS2 layer was thermodynamically stable unlike the TiOx/Ti
protective layer. The lack of thermodynamic stability of the TiOx/Ti protective layer was likely a part
of the reason that these failed over time. The loss of the MoSx layer was also important and this issue is
not resolved by using the MoS2/Mo layer.
The Pt deposited MoS2/Mo/n
+p-Si electrode was run for 24 hours to investigate the stability of the
protective layer without any effect of the catalyst layer peeling off (see Fig. 4.11). The electrode showed
an initial increase in activity within the first hour, most likely this was due to some surface contamination
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being dispelled by the H2 formation. After this increase the electrode showed no degradation over time,
only noise due to bubble formation. This indicated that the protective layer was indeed extra ordinarily
stable under HER conditions.
The HER activity of WS2/W/n
+p-Si and Fe-MoSx/WS2/W/n
+p-Si
Figure 4.12: HER activity measurement of WS2/W/n
+p-Si (sulfidized at 450◦C for 4 hours), WOx/W/n+p-Si (as-made),
and Pt/WS2/W/n
+p-Si (sulfidized at 450◦C for 4 hours before 5 µg Pt electrodeposition).
The W/n+p-Si electrodes behaved essentially like the Mo analogues, which was not surprising as W forms
a stable native oxide at acidic pH. The WO2 reduced to metal around −0.1 V vs RHE at pH 1 [97] similar
to MoO2. One point where the W/n
+p-Si differed from the Mo/n+p-Si was that the WS2/W/n
+p-Si
sulfidized at 450◦C for 4 hours still showed some WO3 in XPS (see Fig. 4.10(III and IV)). It could not
be seen if this was due to a subsurface oxide or pinholes in the WS2. An angle resolved XPS analysis
is a part of future experiments, and it is expected that this will enable us to determine if the sulfide
layer is on top of the oxide or not. In Fig. 4.12 the HER activity of the WS2/W/n
+p-Si was seen to
show a slightly improved onset to that of the metal electrode, but a poorer Tafel slope made the overall
performance worse. As for the Mo/n+p-Si, the Fe-MoSx could not be deposited directly on the metal.
The Fe-MoSx/WS2/W/n
+p-Si showed an improved HER activity over the Fe-MoSx/MoS2/Mo/n
+p-Si,
but the overpotential was still significantly more than the 140-150mV expected from literature [73]. The
increase in the limiting current for the Fe-MoSx/WS2/W/n
+p-Si and Pt/WS2/W/n
+p-Si, was due to
the transparency of the sulfidized WS2 layer. Upon sulfidization the W metal layer became almost
transparent. It should be noted that the WS2/W/n
+p-Si did not show this increased limiting current —
this was most likely due to a temperature gradient in the furnace causing a sample to sample variation.
Improving the consistency of the sulfidization is currently being investigated. DFT calculations have
shown WS2 to have a worse H-binding energy than MoS2 (0.22 eV for both W and S edges compared
to 0.08 eV for the active edge of MoS2) and therefore the HER activity was expected to be worse too.
Thus the observed improvement from Mo to W was quite a surprise. It was hypothesized that the
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initial thickness of the W layer (10 nm vs 14 nm Mo) could have caused the improvement, and further
experiments with thinner Mo layers are underway. Alternatively, it could be that the conduction through
the WS2/W protective layer was better than through the MoS2/Mo layers. When depositing Pt on this
electrode it was seen that the Pt/MoS2/Mo/n
+p-Si and Pt/WS2/W/n
+p-Si were equally active. That
the Mo and W could form a barrier at the Si interface could be disregarded by a similar argument as for
the Ti-Si, i.e., the short Debye length. Further optimization of metal and sulfide thickness to minimize
the interface barrier or resistance through the MoS2 is the aim of further work on this topic.
Summary of the HER activity of Fe-MoSx on MoS2/Mo/n
+p-Si and WS2/W/n
+p-Si
In summary, the Fe-MoSx/MoS2/Mo/n
+p-Si electrodes were not preforming as well as they should po-
tentially be able to, which should only be 140-150 mV worse than Pt. From Fig. 4.8 it was clearly seen
that the actual overpotential was closer to 300 mV. As it has been demonstrated in the discussion above,
the Pt on the MoS2 protective layer performed as well as Pt/n
+p-Si [74]. Hence, the conduction through
the protective layer structure or a sulfide/liquid-interface barrier was likely the reason for the poor per-
formance. It may be that optimizing the thickness of the metal layer could improve the performance
however, time has not allowed for doing so.
The stability of the Pt/MoS2/Mo/n
+p-Si demonstrates the potential of this protective layer. Further
studies are needed to optimize the activity and to further prove the stability of these PEC cathodes.
The use of Fe-MoSx/WS2/W/n
+p-Si seemed a viable alternative to the Mo as protective layer as these
actually outperform the Mo analogue (see Fig. 4.12).
4.3 Summary and conclusion — Chapter 4
This chapter demonstrated that using various protection layers on n+p-Si could make an efficient and
stable photocathode performing the HER at higher potentials than before.
Sect. 4.1 treated the use of 9 nm Ti layers deposited on H-terminated Si. This protection layer efficiently
protected the Si interface from oxidation during electrode preparation, catalyst deposition, and longer
periods of hydrogen evolution. The native oxide of these protection layers was demonstrated to provide a
reasonable protection even under the anodic biases of the MoSx electrodeposition. Without this protection
the co-catalyst could not even be deposited. The MoSx performed equally well on the photocathode as
would be expected from the literature activity in pure electrochemistry, making these photocathodes
among the best systems for photoelectrocatalytic hydrogen evolution at pH 0 without the use of Pt. Still
these photocathodes showed a small amount of light absorption and a poor adhesion to the surface. This
demonstrates one of the cornerstones of this work: Designing co-catalysts which can be applied to the
semiconductor without damaging the semiconductor and that have the smallest possible impact on the
light absorption.
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The TiOx interfaces provided sufficient tunneling to allow for the anodic currents during MoSx deposition.
This causes a limitation to the thickness of the protective oxide for these electrodeposited HER catalysts.
Due to the thermodynamic instability of TiO2 under negative bias, it is expected that this will pose the
largest limitation for these photocathodes as they may not be stable at the negative biases required for
the photon limited hydrogen evolution. Therefore, it was suggested that other oxides or sulfides would
provide the increased stability needed for the practical application in real devices.
The second part of this chapter discussed the use of MoS2 and WS2 as the protective layers on the n
+p-Si
photocathodes. These systems need further investigation as they show an apparent overpotential which is
much higher than what is expected for the Fe-MoSx co-catalyst. If Pt was used as co-catalyst the picture
changed significantly and the photoelectrodes performed as well as could be expected. It was concluded
that the interface between the sulfide and the liquid introduced a significant barrier or that the inherent
conduction through sulfide layer itself limited the conduction of electrons to the surface. The abundance
of empty states in the Pt was hypothesized to provide a possibility for the electrons to tunnel out through
the MoS2 layer into the Pt nanoparticles to perform the catalysis. Alternatively, it could be the nature of
the Pt-MoS2 interface that provided a smaller barrier than that of the MoS2-liquid interface. Regardless,
these electrodes showed a significant stability for the 24 hours of testing conducted here. Longer stability
tests and alternatives to Pt without a concurrent loss in activity are currently being investigated.
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CHAPTER 5
Chevrel phase compounds — a new class of HER catalysts
Figure 5.1: Periodic table of elements with indications of which elements have been used in chevrel phase compounds.
Reproduced from [98].
As incomplete cubane Mo3S4 have proven so active for the HER, chevrel phases with the similar stoichiom-
etry MxMo6S8 or Mo6S8, seemed a likely candidate for HER catalysts. Looking further into literature
it was found, quite surprisingly that there were no reports on the use of chevrel phases for this purpose.
Most literature focused on chevrel phases as superconducting materials [99,100], Li-ion batteries [101,102],
hydrodesulfurization [103–105], or electrochemical oxygen reduction catalysts [106,107]. Chevrel phases were
initially discovered by R. Chevrel, M. Sergent, and J. Prigent in 1971 [108]. They described the synthesis
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and characterization of the compounds with the general composition MxMo6S8 where M could be Ag,
Sn, Ca, Sr, Pb, and Ba for x=1 and Ni, Co, Fe, Cr, Mn, Cu, Mg, Zn, and Cd for 2 ≥ x ≤ 6. Later, this
was expanded to cover other transition metals, alkali, and rare earth metals as well as analogues with Te
or Se fully or partly replacing the S. Fig. 5.1 shows which combinations of metals and chalcogens have
been discovered and characterized [98].
5.1 The structure of chevrel phases
Figure 5.2: Structure of MMo6S8, with M being the tertiary
metal which may be classified as either large cation or small
cation. (I) SnMo6S8 which is representative of the large
cation structure and (II) CrMo6S8 representative of the small
cation structure. Reproduced from literature [98,109].
Chevrel phases have the general structure shown
in Fig. 5.2. The molybdenum atoms are posi-
tioned in octahedral clusters surrounded by 8 sul-
fur (Se/Te) atoms in a distorted cubic arrange-
ment. These cubes then form chains which sur-
rounds “infinite” channels in which the tertiary
metal then resides. The open channel structure
allows for the high tertiary ion mobility. This
property is responsible for the most frequent use
of chevrel phases today as candidates for Li-ion
batteries [101]. It is also the high ion mobility that
allows for the extraction and re-insertion of metal
ions into the host Mo6S8 lattice. In fact, PbS has
been inserted into the lattice of a Cu2Mo6S8, after
Cu was removed by treating the compound in a fairly high concentration of HCl [100], and then subse-
quently reducing the compound at low temperature. The Cu is extracted according to Eq. 5.1.
Cu2Mo6S8 + HCl −−→ 2 H2 + 2 CuCl2 + Mo6S8 (5.1)
Other researchers have found that small tertiary cations (exemplified by Co ions) may be inserted into
the chevrel compounds by creating an electrochemical gradient across a chevrel phase membrane [110].
Properties of chevrel phases
The electronic resistivity of the chevrel phases varies with the interstitial tertiary metal. For instance,
NbMo6S8, In1.2Mo6S8, Ga2Mo6S8, and Al3Mo6S8 — to name a few — are semiconductors, while Cu2Mo6S8,
and PbMo6S8 are metallic conductors turning into superconductors below 9 and 12 K, respectively. Pure
Mo6S8 (prepared by tertiary metal extraction) is a metallic conductor which does not show supercon-
ductivity above 4.2 K [99]. This variation in properties makes any rule of thumb predictions of electric
properties difficult, but at the same time, it illustrates the huge variation in properties which can be
achieved by changing the tertiary metal. For the Cu2Mo6S8 and Mo6S8 investigated in this work the
electric resistivity is 3.0 and 3.4 ·10−3Ω cm, respectively [99]. This is of the order of magnitude of graphite
powders [56] but it is still 4 orders of magnitude larger than for instance Au [111].
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Catalytic properties of chevrel phases
A few studies of the hydrodesulfurization activity of chevrel compounds have been conducted, especially
comprehensive was the study by K. F. McCarty et al. [103]. Here the authors tested several chevrel phase
compounds against MoS2 and the commercially employed Co promoted MoS2. They found that only
Ho1.2Mo6S8 and PbMo6S8 had a higher hydrodesulfurization rate than the model compounds. All the
small cation compounds showed a lower rate even if the conversion of thiophene was slightly higher for
the Ni1.6Mo6S8 — thiophene is a model compound for the simple sulfur containing molecules in crude
oil. As the synthesis of chevrel compounds requires rather high temperature for the classic solid state
reaction, catalyst particles are most often of the order of 1 µm. However, as the use for superconductors
requires large crystal grains rather than the nanoparticles optimal for catalysis, little effort has been
given to develop methods for producing nanoparticles. A few exceptions to this rule exist [100]. Supported
chevrel phase compounds have been obtained as well [112,113], although these seem to inherently contain
impurities such as MoS2, Mo, the tertiary metal and/or sulfide of the tertiary metal (M).
An interesting detail for the application of chevrel phase compounds in PEC is that several reports exist on
the synthesis of sputtered thin-films (summarized in [114]), using either 1) MoS2 and metal co-sputtering,
2) pressed targets of the chevrel compound, or 3) metal sputtering under H2S atmosphere followed by
annealing. This processing technique could prove valuable in producing catalytically active films with a
high chemical resistance. However, due to the inherent problems with sulfur cross-contamination when
sputtering, this technique was not pursued in this work.
In this work 3 methods of production were employed: 1) the solid state method combining Mo2.06S3 with
the tertiary metal and additional sulfur (modified from [103,115]), 2) direct combination of the constituent
element at high temperature, and 3) the impregnation of ammonium molybdate and tertiary metal nitrate
followed by H2S sulfurization and reduction in H2 atmosphere analogous to the work on supported chevrel
compounds [112].
5.2 Supported chevrel phase nanoparticles
The synthesis of supported chevrel phase nanoparticles was based on the procedure described by M.
Rabiller-Baudry [112].
Synthesis carbon supported of chevrel phases
In short, a 2:6 molar ratio (1.2:6 for Ho) of tertiary metal nitrate to Mo in the form of (NH4)6Mo7O24 · 4 H2O
dissolved in 1 mL/g milliQ water (25% ammonia water was used for the Cu impregnation to avoid pre-
cipitation) 1 was impregnated to incipient wetness onto Vulcan carbon black to make a final loading of
1The 2 metal precursors were dissolved separately in half the liquid each and impregnated successively (without interme-
diate drying). This was done as the corresponding metal molybdate salt had a tendency to precipitate, and if this occurred
after impregnation it was assumed not to be a problem.
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20wt%. The powder was dried at 120◦C overnight. The resulting precursor powder was loaded between
quartz wool plugs in a quartz tube furnace and then sulfidized in a 120 mL/min flow of 10% H2S/H2 by
heating to 500◦C for 4 hours at a ramp of 10 K/min. The sulfidized precursor was then reduced under
a 16 mL/min H2 flow at 800
◦C for 10 hours and cooled to room temperature (10 K/min ramp up and
natural cooling). The procedure was similar to that reported by M. Rabiller-Baudry [112] for Cu2Mo6S8
and by V. Harel-Michaud and colleagues [113] for Ni2Mo6S8 except that the former uses 48 hours and the
latter 90 hours of reduction time. In the present case, it was observed that prolonged reduction resulted
in the pure metals and hence a significantly reduced reduction time was used. In this fashion, it was
attempted to produce Cu, Ni, Co, and Ho chevrel phases. The reasoning for choosing these compounds
was that Ni and Co are well known dopants for the HER reaction on MoS2
[43] and Ho was found by K.
F. McCarthy and colleagues [103] to be as good as Co-doped MoS2 in the HDS reaction.
Supported chevrel phases — results and discussion
The PXRD pattern of the resulting products showed that only Cu2Mo6S8 could be made in this way
(data not shown). The Cu2Mo6S8 was not pure but contained a rather large signal from metallic Mo.
This had also been observed by M. Rabiller-Baudry and colleagues so this was to be expected. The
Ni-chevrel resulted in a 50:50 mixture of MoS2 and Ni2Mo6S8 (not shown). As the MoS2 would also be
active for the HER reaction it would not be possible to distinguish the origin of the activity. A poor
crystallinity product resulted for the Co2Mo6S8 (not shown). In fact the main diffraction line for this
compound lay right in the middle between the main line of the chevrel phases and MoS2 and was broad
enough to be assigned to either or both. As it could not be verified that the compound was pure, this
product could not be used either. The HoMo6S8 only showed the presence of MoS2 (not shown).
As mentioned above, chevrel phases show remarkable high ion mobility of the tertiary metal ions and it
has been demonstrated that once synthesized, the tertiary metal ion may be reductively leached from the
host Mo6S8 and another tertiary metal ion inserted in its place
[100]. As the Cu2Mo6S8 was successfully
synthesized, it was used as the onset for further ion insertion. First the Cu ions were leached by 5 succes-
sive leaching treatments in 2 M HCl. The leaching was done by sonicating 100 mg of the Cu2Mo6S8 in 2
mL acid for 15 minutes. The powder was recovered by centrifugation at 5000 rpm for 2 minutes and then
washed 3 times in water after the final leaching to remove Cu ions. Finally, after drying at 80◦C overnight
the tertiary metal nitrate was impregnated onto the catalyst from ethanol solutions, and after renewed
drying at 80◦C overnight, the powder was reduced at 440 ◦C in a flow of 16 mL/min H2 and was kept
there for 72 hours before being cooled to room temperature. The ramps used were 5 K/min. The resulting
products were denoted Ni2Mo6S8(Cu), Co2Mo6S8(Cu), and Ho1.2Mo6S8, respectively. Electrodes were
prepared by making an ink of 3 mg catalyst in 0.8 mL milliQ water, 0.2 mL isopropanol (Sigma-Aldrich),
and 0.002 mL 5% Nafion solution (Sigma-Aldrich/Alfa Aesar). The solution was sonicated a minimum
of 2 times for 30 minutes before taking out 10 µL solution, which were deposited on the tip (the first 0.5
cm) of the porous carbon electrode (see Sect. 2.3). The electrodes were tested by immersing the tip of
the electrode (0.5 cm) under the electrolyte surface. This exposed 1 cm2 geometric surface area to the
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electrolyte.
Figure 5.3: PXRD patterns of the Cu2Mo6S8, deionized Cu2Mo6S8, Ni2Mo6S8(Cu), Co2Mo6S8(Cu), and
Ho1.2Mo6S8(Cu). Bars indicate reference lines. Included for reference are the patterns for MoS2 PDF 00-037-1492,
Mo PDF 00-042-1120, and Cu2Mo6S8 PDF 00-047-1519. The 4 major dominant lines could not be identified as Mo, Mo
oxides, Cu, or Cu oxides.
Fig. 5.3 shows the diffraction patterns for the Cu2Mo6S8/C, deionized Mo6S8/C, Ni2Mo6S8(Cu)/C,
Co2Mo6S8(Cu)/C, and Ho1.2Mo6S8(Cu)/C. From the PXRD, it may be seen that the Cu2Mo6S8 con-
tained some metallic Mo, but no detectable amount of MoS2. The deionized and all the samples made
from this contained 4 sharp lines, which could not be identified. These lines may be an impurity intro-
duced during the deionization or they may be an artifact from the PXRD sample holders. The Ni2Mo6S8
showed the presence of some MoS2 in addition to the Ni2Mo6S8. As PXRD is limited to crystalline
compounds with a size over approximately 2 nm (due to line broadening), analysis could determine that
no larger amounts of MoS2 nanoparticles were present. It should also be noted that the broad feature at
2θ = ∼ 25◦ was due to the carbon support.
Fig. 5.4 shows the HER activity measurements for the supported chevrel phases. From the measurements
it may be seen that the activity was far greater for the Cu2Mo6S8 than for any of the others. The
activity dropped significantly for the Mo6S8(Cu) upon the removal of the Cu ion. This was taken as
an indication that the Cu ions did play a crucial role in the activity. The onset shifted to even higher
values upon insertion of the Ni ions. Co2Mo6S8(Cu) showed about the same onset potential as the
Ni2Mo6S8(Cu) but showed a higher current at higher potentials, indicating an improved Tafel slope to
that of Ni2Mo6S8(Cu). Ho1.2Mo6S8(Cu) showed a further improved Tafel slope and the same onset as
the two previous. All the chevrel compounds showed a far superior activity to the bulk MoS2 particles.
Due to the non-zero current at low biases it was not possible to determine a Tafel slope and exchange
current density for the Ni2Mo6S8(Cu), Co2Mo6S8(Cu), and Ho1.2Mo6S8(Cu). As the other catalysts show
a normal Tafel behavior, the current at low overpotentials may be due to reduction of the tertiary metal.
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Figure 5.4: HER activity measurement of the supported chevrel phases. 0.1M HClO4, 5 mV/sec, and IR corrected. 15 µg
20wt% M2Mo6S8/C or 20wt%Ho1.2Mo6S8/C catalyst.
It was speculated that the potentials were sufficient to reduce any tertiary metal not inserted during the
synthesis. Further experiments are needed to determine the origin of this current. That only the samples
with post-synthesis tertiary ion insertion showed this behavior indicated that the current was not due to
oxygen present in the electrolyte which is usually suspected when non-zero currents are observed at 0 V
vs RHE.
For the Cu2Mo6S8 the Tafel analysis gave a Tafel slope of 109 mV/dec and an exchange current density
of 1.3·10−3 mA/cm2. As has been discussed in detail previously (see Sect. 3.3), the effect of using porous
carbon electrodes is often an unusually high Tafel slope [43] due to mass transport issues in the porous
electrode. The correct Tafel slope should be determined on a rotating disc electrode which allows for a
non-diffusion limited current versus potential characteristic.
As the Cu2Mo6S8 is metallic conducting (see the introduction to this chapter) it may alleviate the
problem of anisotropic conduction in MoS2. To probe if this was the case, a sample with higher loading
was prepared. For comparison, an electrode with a similarly high loading of MoS2 particles was also
prepared. Fig. 5.5 shows the activity of these electrodes. It was clearly seen that the improvement in
HER activity upon higher loading of the 20wt% Cu2Mo6S8/C was more significant as compared to that
of MoS2 particles. This indicates that higher loading of the chevrel phase compounds was possible with
a concurrent increase in activity. Further studies are needed to determine the optimal loading.
Synthesis of the pure compounds was attempted to gain insight into the intrinsic activity of the chevrel
phases. From these and BET surface area determinations it should be possible to estimate an upper limit
for the TOF. The next section focuses on the synthesis of these. Once the intrinsic activity is determined,
further experiments should be directed towards obtaining smaller nanoparticles of the chevrel phases.
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Figure 5.5: HER activity measurement of the supported chevrel phases. 0.1M HClO4, 5 mV/sec, and IR corrected. 15 µg
catalyst.
5.3 Solid state synthesized chevrel phases (SSS-Chevrel)
For the solid state synthesis the precursor elements were chosen with around the same size particles for
all the metals. This was done to ensure the most homogeneous mixture possible. The metals used all
oxidize at the surface and a preliminary reduction could reduce the amount of any impurities, however,
this would require the full synthesis to be conducted in a glove box. This makes the procedure very
cumbersome and it was assumed to be less important for this preliminary study. The drawback of the
solid state synthesis procedure (the products are referred to as SSS-M-Chevrel from here on, where M is
the tertiary metal) is that it produces particles with a large particle size. The procedure was as follows:
Solid state synthesized chevrel phases — synthesis
8.744 g Mo metal 1-2 µm (Sigma-Aldrich) and 4.256 g S8 (Sigma-Aldrich). The 2 precursors were ground
together with a mortar and pestle for 30 minutes producing a homogeneous light gray powder (from the
black and yellow precursors). The powder was pressed into 2 pellets (around 3 cm diameter and around
0.3 cm in thickness). These were then lightly crushed into a granular powder fine enough that it could
just be loaded into the 7 mm quartz ampule. The custom made ampules were fitted with a B14 glass
joint which was used to connect them to a roughing pump and Ar line. Each ampule were then evacuated
to approximately 15 mTorr and back filled with Ar (instrument purity AGA). This was repeated twice to
exclude any oxygen from the volume. After pumping the ampules down to 10 mTorr, the ampules were
sealed with a propane oxygen torch while continuously pumping any released gasses. The ampules were
then heated in a tube furnace to 800◦C at 1 K/min and held there for 4 hours to react the Mo and S
into MoS2 and excess S vapor. Then the temperature was raised to 1200
◦C at 1 K/min and held there
for 60 hours, then cooled naturally to room temperature. After cooling, the powders have formed a rod
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of sintered material indicating that the reaction had further homogenized the powder during reaction.
The reason for the stepwise heating was that the exothermic reaction (2 Mo + 38 S8 −−⇀↽− Mo2S3 ∆Hf =
-405.8 kJ/mol [116]) caused the ampules to explode if a continues ramp was used from 20◦C to 1200◦C
(5 K/min). Hereby, according to PXRD, Mo2S3 was produced, with a small amount of MoO2 (around
3% according to PXRD semi-quantification) impurities, likely due to the oxygen exposure during the
powder preparation. Thus under the employed reaction conditions, MoS2 was not detected. In literature
it was suggested that MoS2 forms at temperatures below 1100
◦C and therefore 1300◦C was used in
literature [115]. The deviation from the literature recipe was due to the limitations of the available oven,
but this was clearly not a major issue.
The intermediate powder was then ground together with the metallic tertiary metal and sulfur by mortar
and pestle for 30 minutes. The amounts of metal, sulfur, and Mo2.06S3 are summarized in Table 5.1. The
powder was pressed into tablets, crushed, and sealed under residual Ar in quartz ampules as above. The
ampules were then heated to 800◦C at 1 K/min and held there for 4 hours, then heated at 1 K/min to
1200◦C and held there for 24 hours. The reason for the 2 step heating was the same as above — to prevent
a possible explosion of the ampules. After synthesis, the ampules were opened and the powder stored
in a glovebox to avoid prolonged oxygen and moisture exposure as there was no available knowledge on
the stability of these compounds over time in air. Indications are that they should be stable, except for
the larger tertiary metals, such as Ag and In, [103] as well as the alkali metal, such as Li, [100]. As none of
these compounds were investigated here, the glovebox storage was simply a preemptive measure.
Table 5.1: Amounts of tertiary metal, sulfur, and Mo2.06S3 for the synthesis of the corresponding chevrel phase compound.
Chemicals are used as received from commercial sources, Ho ∼ 400 µm (Strem Chemicals), Co ∼ 2µm (Sigma-Aldrich),
Ni < 0.1µm (Sigma-Aldrich), and Cu ∼10 µm (Sigma-Aldrich).
Name Chevrel phase mass (Mo2.06S3) mass (S) mass (M)
SSS-Ho-Chevrel Ho1.2Mo6S8 2.493 g 0.112 g 0.576 g (Ho)
SSS-Co-Chevrel Co2Mo6S8 2.703 g 0.203 g 0.372 g (Co)
SSS-Ni-Chevrel Ni2Mo6S8 2.704 g 0.203 g 0.371 g (Ni)
SSS-Cu-Chevrel Cu2Mo6S8 2.677 g 0.201 g 0.397 g (Cu)
Solid state synthesized chevrel phases — results and discussion
The production of Mo2S3 was verified by PXRD (see Fig. 5.6(I)). The PXRD pattern indicated that
the phase was Mo2S3, and MoO2 with no detectable MoS2. The primary MoO2 line could be seen as
a small peak indicating that there was only a small amount of oxide, in fact only 3% according the the
semi-quantification made by the PAN’alytical software. This quantification was not very accurate but
indicated that the impurity level was small. Fig. 5.6(I) also showed the PXRD patterns of the synthesized
chevrel phases. Chevrel phases were easily identified by a major line around 2θ = 13.7◦ (varies ∼ 0.08◦
for the various chevrel phases), however this line was hardly observed for the Co2Mo6S8. This had
only formed CoMo2S4. The Cu2Mo6S8 showed the presence of MoS2 identified by its major peak at
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Figure 5.6: PXRD of the Mo2.06S3 compound and resulting chevrel phases (I) after the first annealing and (II) after the
second annealing. Included for reference is the pattern for Mo2S3 PDF 00-040-0972, MoS2 PDF 00-037-1492, Mo PDF
00-042-1120, Cu2Mo6S8 PDF 00-047-1519, and MoO2 PDF 00-032-0671.
2θ = 14.4◦ and a small line at ∼ 13.5◦, which could be due to small amounts of Cu2Mo6S8. Ho1.2Mo6S8
and Ni2Mo6S8 showed the presence of the chevrel phases however, the Ni2Mo6S8 also contained a large
amount of MoS2. The Ho1.2Mo6S8 was not pure either as it contained a large fraction of the Mo2S3
precursor. It was suggested in the synthesis by K. F. McCarthy [103] that a second annealing was needed
for some of the chevrel phases made in that study. Thus the Ho1.2Mo6S8, Co2Mo6S8, and Ni2Mo6S8
powders were all reground for another 30 minutes and annealed for another 24 hours at 1200◦C according
to the procedure used for the first annealing. The PXRD patterns obtained after annealing are shown in
Fig. 5.6(II). From the PXRD patterns it was concluded that further annealing only resulted in conversion
of the chevrel phases and Mo2S3 into MoS2. The only reason for this could be that the presence of oxidized
tertiary metal caused the shift away from the chevrel phases and towards the more oxidized MoS2. Due
to time constraints, it was not possible to develop the needed equipment to repeat the synthesis in inert
atmosphere.
Instead the direct combination of the metals into the chevrel phases by extended heating was attempted.
For the Cu2Mo6S8 it was known that fusing the elements for 150 hours at 950
◦C caused the formation
of the chevrel phases [117]. It was decided to grind together the stoichiometric amounts of Cu, Mo, and S
for 30 minutes, press a tablet, lightly crush this and seal it in a quartz ampule. The ampule was slowly
heated to 500◦C for 24 hours (1 K/min) and then after cooling heated in another tube furnace to 1200◦C
for 150 hours (ramp up 5 K/min, ramp down natural cooling). Fig. 5.7 show that the chevrel compound
was successfully synthesized. Future experiments are aimed at repeating this procedure for the other
chevrel phases, characterize and test them for their HER activity.
One note of interest is that the Mo2S3 intermediate has a formal oxidation state of Mo of +2.91 making
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Figure 5.7: PXRD measurement on the Cu2Mo6S8 made from the direct combination of the elements. Included for
reference is the pattern for Mo2S3 PDF 00-040-0972, MoS2 PDF 00-037-1492, Mo PDF 00-042-1120, Cu2Mo6S8 PDF
00-047-1519, and MoO2 PDF 00-032-0671.
it a fairly reduced phase. As stated earlier, it was suggested for the complete cubane structure (Mo4S
–8
4 -
clusters) that the active oxidation state is 3Mo+3 and 1 Mo+4 [11,64]. This suggests that the Mo2.06S3
may be very well suited for catalyzing the HER as well. This will be investigated together with the other
solid state synthesis chevrel phase catalysts.
5.4 Summary and conclusion — Chapter 5
In this chapter, Cu, Ni, Co and Ho chevrel phases of the general composition MxMo6S8 (1< x < 4) were
investigated. These compounds showed a fairly good HER activity compared to MoS2.
Initial experiments were aimed at preparing nanoparticles of the chevrel phases on carbon support.
This would be directly applicable in electrochemistry. The metal nitrates were loaded onto the carbon
support and sulfidized at intermediate temperatures (500◦C). This was done to obtain a fully sulfidized
product without excessive particle sintering. After the sulfidization the MoS2 and tertiary metal sulfide
was reduced in low flows of H2 at higher temperatures (800
◦C). The extended reduction times reported
in literature were found to yield only the metals. The reduction time of 10 hours was shown to be
sufficient for the Cu2Mo6S8, while the other chevrel phases still resulted in mixtures of chevrel phases
and precursors. To obtain a testable array of chevrel phases, the Cu2Mo6S8 was chosen for further
synthesis. This product contained a little Mo which was assumed to be much less active than the sulfides
and therefore would contribute insignificantly to the overall activity.
The carbon supported Cu2Mo6S8 was leached of the Cu, leaving Mo6S8 according to the literature
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procedure. This deionized product was impregnated with new tertiary metal nitrate and reduced to the
corresponding chevrel phases. The other chevrel phases seemed fairly pure from XPRD measurements
except for the Ni2Mo6S8 which contained some MoS2. However, it could not be ruled out that some weak
line from MoS2 was present. Both the deionized and metal inserted products showed a set of PXRD lines
which could not be identified as belonging to any of the constituent metals. Further analyses are needed
to verify the purity of these products and to optimize synthesis conditions.
The HER activity of these chevrel phases showed that they all had an improved HER activity over the
MoS2 reference. This verified that the MoS2 impurity in the Ni2Mo6S8 was insignificant. In the future,
these catalysts should all be sulfidized in H2S at higher temperatures, thus forming the tertiary metal
doped MoS2 to get a better reference point than the unsupported MoS2 particles. The Cu2Mo6S8 was
seen to yield the highest activity and the rest seemed very similar albeit with small differences. The
differences indicate that the samples were indeed chevrel phases and not just isolated Mo6S8 and tertiary
metal (in the form of oxide or sulfide). These results seemed promising and showed that if smaller particles
could be synthesized, then even more active catalysts could result.
Next it was attempted to synthesize larger particles of pure chevrel phases to gain insight into the
intrinsic activity of these compounds compared to MoS2. It was expected that the chain-like structure
of the chevrel phases would cause a much higher activity than for the layered MoS2. As the aim of this
chapter was the synthesis of high purity chevrel phases, limited success can be claimed. It was found that
the synthesis procedures in literature required a lot of fine-tuning of parameters to obtain even reasonably
pure products.
The versatile method reported in literature for preparing a wide variety of pure bulk chevrel phases was
not found effective in this work. This was attributed to oxidation of the precursor metals in air. The
literature references suggest a pre-reduction/sulfidization of the Mo and tertiary metal, respectively. This
would require the possibility to press tablets under inert atmosphere (in an Ar glovebox). This capability
was not present and would require the construction of new equipment. Hence, the samples were prepared
directly from the elements, unfortunately this resulted in impure products. The contamination with
MoS2 was deemed the most problematic as this compound is well known to be highly active for the HER.
Only the Cu2Mo6S8 could be synthesized in its pure form directly from the elements within the time
frame of this work. This synthesis involved a prolonged annealing in evacuated quartz tubes and resulted
in a product with a large particle size. This was less important for the initial synthesis because, as it
has already been argued, the purpose was to see the intrinsic activity per surface area of catalyst — not
the most efficient catalyst on a mass basis. Further experiments are underway to apply this synthesis
procedure to the other chevrel phases.
It was discovered throughout this work that the key for the production of small particles was obtaining
a homogeneously sulfidized precursor. This precursor should then be reduced without simultaneously
loosing too much of the S as H2S. This required a low flow of H2 during the reduction step. The particle
size of the precursor dictated how high the annealing temperature needed to be. Temperatures in excess
of 900◦C were needed for the synthesis from the elements. The advantage of these syntheses is that
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a reactive atmosphere of H2 or H2S is not required. Opposed to this, nanoparticle precursors could be
converted above approximately 600◦C. It is of the essence to understand the influence of various synthesis
conditions on the formation of the chevrel phases in order to synthesize nanoparticulate HER catalysts.
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CHAPTER 6
Summary and outlook
This thesis has discussed the use of molybdenum sulfides as the electro- and photoelectrochemical catalysts
for the HER. It has been shown that molybdenum sulfides are active catalysts over a variety of composition
ranges. The well studied MoS2 shows a high intrinsic activity towards the HER, but is limited by the
poor conduction through the bulk crystal. It has been described in this thesis how this limitation can
be circumvented, either by the use of molecular clusters like the cubane-family or by the use of other
phases of MoSx. In addition, composites based on carbon were discussed. Such composites were shown
in literature to be effective at increasing the activity of MoS2 samples. However, the MoS2@MWCNT
samples produced in this thesis showed a poor activity. This was suggested to be due to the low amount
of edges in these samples. This means that a much higher activity could be expected if more edges could
be introduced in these samples. The post-synthesis introduction of active sites was attempted by etching
the sample at anodic potentials. It has been shown in literature that at potentials above 0.8 V vs RHE
the basal plane of MoS2 is oxidized. Thus potentials in this range were chosen to introduce defects in the
otherwise inert basal planes. In examining the sample after oxidation, it was found that the oxidation
occurred primarily from the edges. This caused an optimum in activity at which the amount of new edges
formed balanced out the overall removal of material. It was suggested that if a directed etching could be
devised this strategy could provide even more active samples.
Amorphous MoSx synthesized by the reduction of MoS3. The MoS3 could be synthesized by precipitation
or by electrodeposition. This MoSx was shown to be very active towards the HER. This was hypothesized
to be due to the high amount of active sites in such a material.
In literature it has been discussed whether the active site of the MoSx was MoS2-like as suggested by
X. Hu and colleagues or MoS3-like as suggested by P. Alivisatos and colleagues. It was attempted to
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gain insight into this issue by investigating the oxidation behavior of MoSx. From the previous work
done in our group it was known that the edges and basal planes could be distinguished in electrochemical
oxidation experiments by a shift in oxidation feature. It was found that the as-made MoSx did not show an
oxidation feature similar to that of MoS2 edges or basal planes. However when the sample was annealed
at around 150◦C the oxidation feature shifted into something resembling that of MoS2 nanoplatelets.
Further annealing shifted the feature further and at 400◦C the feature came close to resembling that
of bulk MoS2. This was interpreted as an indication that the MoSx was not MoS2-like. The oxidation
feature did not resemble the oxidation feature of MoS3 or reduced MoS3 either. This suggested that
the MoSx did not resemble as-made MoS3 either which could be supportive of the idea of a reduced and
restructured MoS3 as presented by P. Alivisatos and colleagues. The data presented here are as explained
only for the oxidation behavior and this cannot be directly related to the HER activity. Further studies
are needed to fully understand the complex MoSx HER catalysts.
There were 2 issues with the MoSx catalyst that were identified, i.e., the poor long-term stability and
the conduction through the catalyst layer. It was hypothesized that incorporating MWCNTs into the
catalyst would provide mechanical stability towards the degradation due to peel off of the catalyst layer.
Furthermore, the MWCNTs were thought to provide an electron“highway” through the catalyst layer.
This would allow for the deposition of more catalyst, which again has been seen to increase activity
significantly in literature. The following 3 strategies were applied to incorporate the MWCNTS in the
electrodeposited film: 1) the suspension of COOOH-MWCNTs in the MoSx electrodeposition bath, 2)
the electrophoretic deposition of MWCNTs on the electrode prior to electrodeposition of the MoSx, and
3) the electrodeposition of the MoSx on porous carbon fiber electrodes.
Strategy 1) showed a slight dependence of MWCNT concentration on the HER activity. However, the
effect was irreproducible which indicated that only a small fraction of the MWCNTs interacted with the
surface. The negatively charged COOH-MWCNTs might not interact with the cathode to deposit and
further experiments are needed to determine if MWCNTs had incorporated. If little or no MWCNTs had
incorporated it is expected that adding, for example, Mg2+ ions could reverse the effective zeta potential
of the MWCNTs and allow them to deposit at negative bias. Alternatively, could −NH+4 functionalized
MWCNTs replace the COOOH-MWCNTs in the deposition of the composite catalyst at negative biases
without further modifications.
Strategy 2) showed that a layer of COOH-MWCNTs could be electrophoretically deposited at negative
bias in ethanol solution. The layer was not homogeneous at the small thicknesses attempted in this
work. A thin MWCNT film was needed on PEC cathodes in order to avoid excessive light absorption.
After reduction to remove the functional groups, the MoSx was electrodeposited. The resulting electrodes
showed little difference to the plain Ti-foil electrodes. It seemed that thick layers of MWCNTs decreased
the activity of the MoSx catalyst. It was concluded that the nanotubes were too hydrophobic to allow
for the deposition of the MoSx catalyst within the nanotube layer. It is suggested that removing the
reduction step from MWCNT film preparation would increase hydrophilicity and allow the MoSx to
deposit within the MoSx film. Alternatively, adding a small amount of iso-propanol, for example to the
deposition solution could allow the deposition solution to penetrate the MWCNT film. Iso-propanol is
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used in carbon based catalyst inks to affect the dispersion of the carbon into water solution.
Strategy 3) was a proof of concept type experiment. It was hypothesized that the open pore structure
of the porous carbon electrodes would allow the deposition solution to easily access the inner volume of
the electrode compared to a more dense MWCNT film. The deposition CVs were compared between the
carbon paper electrodes and a Ti-foil electrode. It was clearly seen that the carbon paper electrode had
significantly less MoSx deposited. This gave the HER activity a significantly lower activity per unit area.
It was suggested that as above the deposition was primarily in the outer layers of the porous electrode
and that this had limited the HER activity. It could not be explained why the deposition was lower
than that of the planar electrode. One would have expected that if only the outer surface was active,
then the effective surface area would be equal to the geometric electrode area and the amount of catalyst
deposited would be the same. This was however not observed. Interestingly, the carbon paper based
electrodes showed a substantially lessened relative degradation over 24 hour tests. The Ti foil electrodes
fell to about 30% of the initial activity, whereas the carbon paper electrodes only fell to about 70%.
This indicated that the introduction of the carbon network indeed did stabilize the MoSx film. Further
experiments are needed to apply this carbon network to planar electrodes or to make more hydrophilic
porous carbon electrodes.
The carbon fiber electrodes thus showed an improved stability but decreased overall activity. The incor-
poration of MWCNTs into the catalyst film was not conclusive. As some differences in performance were
seen, it follows that some incorporation had to have occurred. Further optimizations of the interaction
between electrode, MWCNT, and electrodeposition bath are needed.
The inconsistency in the results of the first strategy inspired the investigation of the reproducibility of
the deposition on both carbon paper electrodes and on Ti-foil electrodes. It was found that for a fixed
number of deposition cycles, the activity of multiple electrodes varied by a significant amount. In fact
the variation was so large that the effect of Fe doping in the electrodeposited samples that is known from
literature could not be definitively confirmed in these experiments. It is suspected that either a slight
variation in the preparation of the Fe-doped MoSx compared to literature or the significant IR resistance
in between the working electrode and the reference caused this, or a combination of the 2. Further
experiments at a lower pH and a synthesis procedure closer to that used in literature will determine the
origin of the discrepancy and hopefully resolve the inconsistency.
In literature it has been demonstrated that MWCNTs mixed with chemically prepared MoS3 particles
showed an increased activity as a function of MWCNT addition. Therefore, it was attempted to use our
previously explained procedure for synthesizing MoS2@MWCNTs to produce MoS3@MWCNTs. These
conformal coatings of MoS3 would allow for contacting the MoS3 with the MWCNTs on a much shorter
length scale. Thus, if the role of the MWCNTs was to conduct the electrons to the MoS3 this conduction
would become significantly easier if the amount of MoS3 was reduced. Because as the amount of MoS3
in close proximity to the MWCNTs increased, the fraction of catalyst in good electrical contact would
likewise increase.
The MoS3@MWCNTs showed a decent HER activity. The activity however was not improved over that
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of the MoS3 nanoparticles. It was suggested that perhaps the ∼ 14 nm thickness of the MoS3 coating
caused a poor electron conduction. It was therefore attempted to reduce the thickness of the coating. It
could be shown that at 12% Mo/C the thickness was only 3.5 nm and only some of the MWCNTs were
coated as opposed to all at 25% loading. These tubes showed a significantly decreased activity per Mo.
Showing that the thickness of the MoS3 was inversely proportional to the HER activity. This indicated
that the MoS3 had a smaller resistance than the MWCNTs causing the electron to preferentially travel
in the MoS3. Alternatively, the carbon electrode provided the electron pathway to the surface of the
MoS3, rendering the MWCNTs redundant. This could be clarified by measuring the activity at higher
loadings and on planar substrates thus causing the electrons to preferentially conduct in either the MoS3
or the MWCNTs. Higher loadings of MoS3 on the MWCNTs are also needed. These experiments are all
underway.
Co and Fe dopants were added to the synthesis to investigate whether the Co and Fe dopings shown to
be highly effective for the electrodeposited MoSx in literature would also affect the MoS3 coatings. It was
found that the Co showed a significantly increased activity over that of the non-doped MoS3. The Fe had
a negative effect on the activity this could indicate that the incorporation of Fe into the electrodeposited
catalyst was due to an alteration of the deposition mechanism rather than an intrinsic increased activity.
It could not however, be ruled out that the Fe was simply not incorporated in the same way in the
precipitated sample as in the electrodeposited. Further experiments and XPS analyses are needed to find
the structural and electronic environment of the Fe in these 2 samples. The amount of Co doping should
also be optimized to see if the optimum is at the same value as for the electrodeposited samples. These
experiments are also being conducted in the near future.
During our explorative study of other molybdenum sulfide based systems, we found that chevrel phases
(MxMo6S8, 1<x<4) could pose a new and efficient class of HER catalysts. The synthesis of these com-
pounds was found to be much more challenging than expected. The study focused on 2 points — one
testing the HER activity of supported chevrel phases on carbon black and the other testing unsupported
large particles of the 4 chevrel phases. The first strategy resulted in the synthesis of Cu2Mo6S8 with
a slight impurity of Mo. The synthesis of Co2Mo6S8, Ni2Mo6S8, and Ho1.2Mo6S8 by a similar proce-
dure resulted in products with vast amounts of MoS2. Therefore the strategy was adapted to use the
deionization of the Cu2Mo6S8 and insertion of the other 3 tertiary metals in the resulting Mo6S8.
After metal-ion insertion the chevrel phases showed the reactivity order: Cu2Mo6S8>Mo6S8 >Ho1.2Mo6S8
> Co2Mo6S8 = Ni2Mo6S8>MoS2 at 1 mA/cm
2
geometric. It was concluded from PXRD analysis that the
Ni2Mo6S8 contained a significant amount of MoS2 but that the other chevrel phases appeared pure.
Further optimization of the insertion procedure is needed to obtain pure phases of each of the chevrel
phases. Nevertheless, it could tentatively be concluded that the chevrel phases outperformed the MoS2
particles.
The aim of investigating bulk chevrel phases was to assess the inherent activity of the chevrel phases.
Through the synthesis of a pure product combined with surface area measurements, the lower limit
turn over frequency could be determined. This strategy was unsuccessful because the syntheses resulted
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in impure products. By using a procedure based on the direct combination of the elements and the
subsequent long-term annealing (150 hours) at high temperatures a pure Cu2Mo6S8 phases was achieved.
This strategy is currently being investigated for the synthesis of the other chevrel phases.
If the intrinsic reactivity between the different chevrel phases could be determined either by synthesizing
the bulk powder or by in silico screening, the synthesis efforts could be optimized for obtaining the pure
nanoparticle product of that phase rather than trying to optimize one set of synthesis conditions to be
applicable for synthesizing every chevrel phase.
Generally, the synthesis of molybdenum sulfide based HER catalysts is very dependent on the ability to
synthesize the catalyst with high structure selectivity. Molybdenum sulfides have gained a lot of attention
in recent time as a HER catalyst and it may be predicted that even more will follow. The blessing of
molybdenum sulfides is that every possible combination of molybdenum and sulfide shows some HER
activity. This is of course also the curse as ranking the catalysts between research of different groups
and even within groups becomes a challenge. As it was outlined in the introduction chapter, it is the
author’s belief that the key to obtaining superior HER catalysts lies in the careful design of molybdenum
sulfide catalysts that maximize the amount of edges while promoting conductivity to the surface. Our
own experiments in chapter 4 illustrate this nicely — even if the MoS2 is active and stable, the intrinsic
low activity and poor conductivity limit the final performance of the photocathodes.
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This perspective covers the use of molybdenum disulfide and related compounds, generally termed
MoSx, as electro- or photoelectrocatalysts for the hydrogen evolution reaction (HER). State of the art
solutions as well as the most illustrative results from the extensive electro- and photoelectrocatalytic
literature are given. The research strategies currently employed in the field are outlined and future
challenges pointed out. We suggest that the key to optimising the HER activity of MoS2 is divided into
(1) increasing the catalytic activity of the active site, (2) increasing the number of active sites of the
catalyst, and (3) improving the electrical contact to these sites. These postulations are substantiated by
examples from the existing literature and some new results. To demonstrate the electrocatalytic
properties of a highly conductive MoS2 hybrid material, we present the HER activity data for multi-
wall MoS2 nanotubes on multi-wall carbon nanotubes (MWMoS2@MWCNTs). This exemplifies the
typical data collected for the electrochemical HER. In addition, it demonstrates that the origin of the
activity is closely related to the amount of edges in the layered MoS2. The photoelectrocatalytic HER is
also discussed, based on examples from literature, with an emphasis on the use of MoSx as either (1) the
co-catalyst providing the HER activity for a semiconductor, e.g. Mo3S
+
4on Si or (2) MoS2 as the
semiconductor with an intrinsic HER activity. Finally, suggestions for future catalyst designs are given.
1 Introduction
1.1 Motivation
In the future, our energy demand will be covered by renewable
resources. A significant amount of this renewable energy will be
in the form of electricity from a combination of solar/wind power
and biomass.1 In order to ensure continuous energy supply, the
electricity has to be stored; an appealing way to solve this
problem is the conversion of electricity to hydrogen.2 The water
splitting reaction may be divided into the oxygen evolution
reaction (OER) and the hydrogen evolution reaction (HER).
This perspective addresses molybdenum sulfides (MoSx) as
a heterogeneous electrocatalyst and semiconducting photo-
electrocatalyst for the HER. The HER is a thoroughly investi-
gated reaction that has gained renewed attention in recent years
since hydrogen plays a key role in many industrial reactions and
aCenter for Individual Nanoparticle Functionality, CINF, Department of
Physics, Technical University of Denmark, DTU, Kgs. Lyngby. E-mail:
ibchork@fysik.dtu.dk
bCentre for Catalysis and Sustainable Chemistry, CSC, Department of
Chemistry, Technical University of Denmark, DTU, Kgs. Lyngby
Broader context
Electro- and photoelectrocatalytic water splitting, powered by renewable electricity, hold promise as clean technologies for the
production of hydrogen. Renewable energy coming either from sunlight or wind power is ill-correlated with consumer demand, and
thus requires storing. This energy can be stored as a fuel, e.g. in the form of hydrogen. Water splitting may be carried out elec-
trocatalytically in electrolysers using electricity from photovoltaics or wind power. Alternatively sunlight may be converted into
electron hole pairs in a semiconductor and directly used to split water, known as photoelectrocatalytic water splitting. In acidic
electrolysers and photoelectrocatalytic cells the catalyst for the hydrogen evolution reaction (HER) is a scarce archetypical platinum
catalyst. Even though platinum is highly efficient, research efforts are directed towards replacing platinum catalysts with more earth
abundant materials. Arguably, state of the art alkaline electrolysers are efficient and use Ni-based catalysts, but these are limited to
large-scale hydrogen production due to high capital cost. A variety of molybdenum sulfides are suitable candidates for the
replacement of platinum in acidic solutions. Furthermore, molybdenum sulfides are reasonably stable, cheap, non-toxic, abundant,
and active for the HER. This perspective discusses recent progress within this field and outlines future challenges.
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is envisioned to be an energy carrier in the future. Hence, new
efficient materials for renewable hydrogen production are greatly
needed. Sustainable hydrogen, produced from electricity, may be
sub-divided into two groups, depending on the electricity source,
which determines the scale of hydrogen production (see section
1.1.2). (1) Electrochemical water splitting using electricity from
solar cells, wind energy, and hydroelectric resources or (2) pho-
toelectrocatalytic water splitting in which electricity is harvested
directly from sunlight, as electron hole pairs in a semiconductor.
This semiconductor may also be the catalyst for the HER. The
common denominator in both the electro- and photo-
electrocatalytic water splitting is the catalytic activity in the
HER. The main difference between electro- and photo-
electrocatalytic water splitting is the current density (rate) of the
HER, which can differ up to three orders of magnitude. The
electrocatalytic water splitting (1) is already commercialised,
whereas the photoelectrocatalytic water splitting (2) is far from
being efficient enough to be commercialised. It should be noted
that commercial electrolysis units run in alkaline electrolytes and
use Ni as the cathode material.3 Research efforts are directed
towards shifting to acidic electrolytes as these units are more
compact and could potentially be run in reverse to produce
electricity, i.e. as a fuel cell, thus saving on capital costs.3 This
approach, however, is limited by (1) the OER4 and (2) by its
reliance on Pt as the cathode catalyst. Recently, a techno-
economic study showed that hydrogen produced by photo-
electrocatalytic water splitting could become a competitive
alternative to gasoline,5 provided that a cheap and reasonably
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efficient system is discovered. Under these assumptions, a lower
bound price of $1.60 (V1.11) per kg of hydrogen, which is the
energy equivalent of one gallon of gasoline, was found to be
realistic.
1.1.1 The electrocatalytic HER. Water splitting either by an
(1) electrocatalytic or (2) photoelectrocatalytic route requires the
HER to occur readily; hence a few general points should be
made. The reaction mechanism towards hydrogen evolution will
be addressed in detail later, but it is intuitive that, under acidic
conditions, it involves atoms of hydrogen bound to the catalyst
surface. Plotting the activity of the catalyst materials against the
corresponding hydrogen bonding free energy obtained from
DFT, results in a familiar volcano shaped curve attributed to the
Sabatier principle.
Fig. 1 shows the volcano curve reported in literature6 for the
most common catalyst materials. This illustrates why Pt is the
catalyst of choice for the HER in acidic solutions. Markovi"c
et al.7 showed that, of the low index Pt facets, the most active
facet of Pt is the Pt[110]. As Pt is a scarce metal with an earth
crust abundance of only 0.005 mg kg!1,8 and an annual average
cost of $56 (V39) per gram in 2010,9 any large-scale production
of hydrogen should refrain from using this. Therefore, large
efforts have been put into finding a stable, non-toxic, abundant,
and cheap alternative.
In order to find a suitable replacement for Pt, a biomimetic
study suggested the use of molybdenum sulfides (MoSx).
10 In
nature, the active centre of nitrogenase enzymes contains one or
more metal atoms usually bound to sulfur. Most nitrogenase
enzymes contain one or more iron sulfur (Fe–S) clusters, and
most of these enzymes also have a Mo atom bound to such an
Fe–S cluster in the active centre. When fixating ammonia, these
enzyme centres co-evolve hydrogen.11 This inspired the group of
J. K. Nørskov to investigate hydrogen binding to MoS2 by
DFT.10 The result showed that MoS2’s hydrogen binding energy
is located close to the top of the volcano curve in Fig. 1, which
was subsequently verified by electrochemical measurements. The
hydrogen binding free energy is obtained in DFT calculations by
subtracting the free energy of the clean catalyst surface and a half
a hydrogen molecule in the gas phase from the hydrogen bonded
to the catalyst surface site. There are two reasons for taking
a biomimetic approach rather than attaching the natural enzyme
to the electrode, which is possible in some cases. One reason is
that the stability of enzymes is typically limited, whereas
a biomimetic catalyst may be designed for increased stability.
The second is that enzymes are bulky whereas a catalyst cluster/
nanoparticle is much smaller; the size of the catalyst on the
electrode is often termed the catalyst footprint and should be as
small as possible. The smaller the footprint, the more compact
the electrolysis/photoelectrocatalytic units. Thus, the focus of the
biomimetic study is only on the enzymatic centre since this plays
a key role in the enzyme activity. In fact, a typical footprint of
a small electron transfer enzyme (Azurin12) is "25 times larger
than a cubic Mo4S
4+
4 unit
13 representative of a hydrogen evolu-
tion centre of an enzyme. From this it may be speculated that the
optimal catalyst is a molecule/atomic cluster. Generally, there are
two ways to improve an electrocatalyst: (1) increasing the
intrinsic activity of the active site by the choice of the compound;
(2) increasing the density of active sites, which will also decrease
the catalyst footprint. One example of the latter is the incomplete
cubane, [(H2O)6Mo3S4]Cl4, which consists of Mo and S in
alternating corners of a cube with one Mo corner missing, and is
one of the smallest known clusters of MoSx.
13,14 These molecular
units consist of nothing but surface atoms/edge sites and there-
fore have an optimised number of active sites—in fact, these
catalysts have been tested and are highly active.13,14 This type of
catalyst will be described in more detail in section 2.
1.1.2 The photoelectrocatalytic HER. The photo-
electrocatalytic HER relies on the catalyst material having two
properties: (1) the material should be active for the electro-
catalytic HER and (2) it should absorb sunlight, giving an elec-
tron hole pair with the right potential to drive the HER reaction.
These properties need not necessarily be provided by the same
material. Most photoelectrocatalytic materials (semiconductors)
are therefore used in combination with a co-catalyst, which is
often Pt. This co-catalyst specifically catalyses the HER reaction
and operates as described in section 1.1.1. Since the exact same
considerations apply for these systems as for the electrochemical
HER, research efforts are directed at replacing Pt for photo-
electrocatalytic HER as well. The scarceness of Pt is an even
larger problem in the photoelectrocatalytic HER as compared to
electrolysers, as large areas need to be covered with the catalyst
to sustain our energy demand. To get an idea of the scale of each
approach to the HER, a photoelectrocatalytic material capable
of harvesting 10% of the sunlight will produce approximately 8
mA cm!2 photocurrent, which is significantly lower than the
1000–10 000 mA cm!2 for electrolysers. The difference is due to
the low flux of sunlight, and therefore to the current, compared
to a centralised electricity source. Furthermore, it is even more
important that the catalyst footprint is smaller for the photo-
electrocatalytic HER than it is for the electrochemical HER.
Since the co-catalyst may interfere with the ability of the semi-
conductor to absorb sunlight, this also means that the catalyst
must be very well dispersed. Therefore, cubanes of MoSx are also
ideal for the photoelectrocatalytic HER because they offer
a structure consisting of only surface atoms/edge sites, and thus
have a very small electrode footprint. One such cubane system
was recently demonstrated to be highly active for the photo-
electrocatalytic HER15 (see section 3). Another way to solve the
Fig. 1 The Sabatier plot for the HER. The volcano curve shows the
logarithmic activity of Pt, MoS2, and other electrocatalysts as a function
of the hydrogen adsorption free energy. The activities of the electro-
catalysts are given in terms of the exchange current density, j0; details are
given in section 1.2. Reproduced with permission.6
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problem of dispersion is to use an integrated system, i.e. a system
in which the semiconductor is also an active component for the
electrochemical HER. As MoS2 is a semiconductor with a suit-
able 1.7 eV band gap,16 it is a good candidate for such a system.
This leads to a separate discussion of the electrochemical HER in
general and of the semiconductor properties of MoS2.
1.2 Background
1.2.1 The HER & the electrochemical evaluation basics. The
mechanism of the HER is thought to go via the so-called
Volmer–Heyrovsky mechanism:3
H3O
+(aq) + e! + *# H* + H2O(1), Volmer reaction
(acidic) (1)
H2O(1) + e
! + *# H* + OH!(aq), Volmer reaction
(alkaline) (1a)
H* + H3O
+(aq) + e!# H2(g) + H2O(1)+ *, Heyrovsky reaction
(acidic) (2)
H* + H2O(1) + e
!# H2(g) + OH!(aq) + *, Heyrovsky reaction
(alkaline) (2a)
or the Volmer-Tafel mechanism:
H3O
+(aq) + e! + *# H* + H2O(1), Volmer reaction
(acidic) (1)
H2O(1)+ e
! + *# H* + OH!(aq), Volmer reaction
(alkaline) (1a)
H* + H*# H2(g) + 2*, Tafel reaction
(acidic and alkaline) (3)
where * indicates an empty active site and H* a hydrogen atom
bound to an active site. The key parameter in both reactions is
the binding of the intermediate hydrogen to the catalyst
surface.17,18 This indicates that plotting the activity of the catalyst
material against the hydrogen binding free energy, e.g. from
DFT, would result in a volcano curve. Indeed, this is the case as
seen in Fig. 1. In short, a volcano curve results from plotting the
catalyst activity as a function of the catalyst reactivity, which is
determined by a reaction specific descriptor such as the binding
energy of a key intermediate. The optimal catalyst lies at the top
of the volcano curve. This catalyst has the ideal trade-off between
binding the intermediate too weakly, which limits the adsorption
reaction (eqn (1)) (on the left hand side in Fig. 1), and too
strongly which limits the desorption reaction (eqn (2). and (3))
(on the right hand side in Fig. 1).19 In Fig. 1, the activity is plotted
in terms of the exchange current density, which requires some
explanation. The current versus potential has an exponential
behaviour, which may be simplified to eqn (4) the so-called Tafel
equation (here shown for cathodic currents).20
j ¼ !j0e! hb so lnð!jÞ ¼ lnð j0Þ ! ð1=bÞh (4)
where j is the current density, j0 is the exchange current density,
b is the Tafel slope, and h is the overpotential (the potential
increases beyond the reversible potential of the half-cell
reaction). This simplification only applies for cathodic currents
and in the limit where h is large, but still small enough that the
current is not yet diffusion limited. The exact range is very system
dependent, but often lies in the range h ¼ 0.1–0.5 V vs. RHE (the
reversible hydrogen electrode) for the HER. As the optimal
catalyst is the material that gives the highest currents at the least
overpotential, it may be seen from the Tafel equation that this
catalyst has a low Tafel slope (b) and a large exchange current
density j0. The exchange current density is explained in detail
elsewhere,20 but may be viewed in this context as a measure of the
electron transfer rate of a catalyst and it varies over several
orders of magnitude, as seen in Fig. 1. The importance of the
Tafel slope is easily recognised when one recalls the different
orders of magnitude of the HER currents that both the electro-
chemical and photoelectrochemical hydrogen evolution require.
If the Tafel slope is too high, the catalyst requires significant
overpotentials to produce the necessary currents. The Tafel slope
depends, in a complex way, on several factors, including the
reaction pathway and the adsorption conditions of the active site.
It should be noted that the Tafel slope may vary significantly for
different preparations of the same material. In the case of MoSx,
the factors influencing the Tafel slope are not known, making it
difficult to interpret differences. The interpretation of Tafel
slopes, in terms of the reaction mechanism, is beyond the scope
of this perspective (see ref. 20 and 21). In this perspective, we will
evaluate catalysts based on the onset potential, that is, the
potential at which the HER activity begins and qualitatively in
terms of high, low, or intermediate Tafel slopes (see Fig. 5).
1.2.2 MoS2 properties. Bulk MoS2, which naturally occurs as
molybdenite, has a layered hexagonally packed structure con-
sisting of S–Mo–S sheets held together in stacks by van der
Waals interactions. This material is a semiconductor with
a direct band gap of "1.7 eV.16 As MoS2 is also active for the
electrocatalytic HER, it is a potential candidate for a HER
photoelectrocatalyst. MoS2 is perhaps most well known as the
active part of the heterogeneous catalysts for hydro-
desulfurisation (HDS).23 The synthesis of MoS2 materials has
been reviewed elsewhere,24 and more recently in a perspective in
this journal.25 The work on electrochemical hydrogen evolution
on natural crystals of MoS2 was pioneered in the 1970s by
Tributsch and co-workers.26,27 DFT studies10 showed that the
edges of a S–Mo–S sheet are the active sites, in particular the
[#1010] Mo-edges should have the most advantageous hydrogen
binding energy of the edges considered.10,28 The verification that
the edges are responsible for the activity was demonstrated in our
group by using a combination of STM, and electrochemical
measurements.6 In this study, single sheets of MoS2 were grown
on Au[111] by deposition of Mo in a H2S atmosphere followed
by annealing in H2S as described by Helveg et al.
29 This results in
nanoplatelets with a truncated triangular shape exposing [#1010]
Mo-edges and [#1110] sulfur edges,30 see Fig. 2. The edges of the
nanoplatelets are observed as bright rims in the STM images in
Fig. 2; the bright rims are suggestive of conductivity at the edge,
an effect verified by DFT calculations.28 The total edge length
was determined by STM, and was subsequently shown to
correlate well with the measured electrochemical HER activity as
opposed to the total area of the nanoplatelets. It is important to
note that perhaps the most important inherent problem of using
5580 | Energy Environ. Sci., 2012, 5, 5577–5591 This journal is ª The Royal Society of Chemistry 2012
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MoS2 in any kind of electrochemical reaction is the extremely
low conductivity between two adjacent van der Waals bonded S–
Mo–S sheets. Resistivity has been measured to be 2200 times
larger through the basal planes as compared to the 10!1 to 1 (U
cm)!1 parallel to the planes.26 This means that the single layer
nanoplatelets are an optimal structure compared to a multi-layer
nanoparticle because electrons only need to be transferred from
the support to the platelets. In a nanoparticle, as the one illus-
trated in Fig. 3, the electrons have to be transferred from the
support to the bottom layer and then further through four
platelet interfaces to reach all the edges. This increases the
resistance for each traversed layer. The conductivity of the edges
could suggest that charges may be passed along the edge from the
substrate to the active sites as a low resistance connection,
though it has not been determined whether or not this is the case.
These considerations lead to the idea that stacking MoS2 nano-
platelets perpendicular to the conductive surface may prove to be
an advantageous catalyst design. This strategy is currently being
pursued in our laboratory (see further in section 4).
2 The electrochemical HER
To put the HER activity of MoS2 nanoplatelets on Au[111] into
perspective it should be compared to the initial work of Tributsch
and co-workers.27MoS2 onAu[111] showed an onset at"!0.15V
vs. RHE, and a Tafel slope of 55–60 mV dec!1 6 the activity
measured by Tributsch is estimated to have an onset potential of
around!0.09 V vs.RHE† with a Tafel slope of"692 mV dec!1.27
This Tafel slope is very high and is likely due to a large internal
resistance in the bulk semiconductor. It is however, evident that
the MoS2 on Au[111] is a significant improvement to the bulk
MoS2. A subsequent study showed that MoS2 on porous carbon
paper has similar properties to the gold supported nanoplatelets,
with an onset at "!0.2 V vs. RHE and a Tafel slope of 120 mV
dec!1.30 This Tafel slope is significantly larger than that of the
nanoplatelets on the Au single crystal, which was attributed to
diffusion limitations through the fibrous carbon electrode.30 The
corresponding value for the single crystal Pt[110] surface is an
onset at 0 V vs. RHE and a Tafel slope of 28 mV dec!1.7 The Pt
overpotential is still significantly better than the one for MoS2 as
would be expected from the volcano curve, see Fig. 1.
As stated earlier, there are two general strategies to improve
MoS2 electrocatalysts. The first is to improve the intrinsic reac-
tivity of the catalyst, i.e. optimising the binding energy of
hydrogen. This has previously been done by doping the MoS2
nanoplatelets with Co.30 In that study, which combines DFT and
electrochemical measurements on doped MoS2 on carbon elec-
trodes, it was found that the activity of MoS2 is significantly
increased by doping with cobalt. DFT calculations show that the
incorporation of Co into the S-edges decreases the binding
energy of hydrogen from 0.18 to 0.10 eV, which is close to the
0.08 eV for the Mo-edge.30 As a result of doping with Co, all the
edges become active for the HER. In this connection, it should be
noted at this point that as only 25% of the edge atoms are
hydrogen covered during operation, according to the DFT
calculation of the hydrogen binding free energy, hence only
a fraction of theMoS2 entities are active for the HER reaction.
6,10
The hydrogen coverage is determined by the binding free energy,
as increasing the coverage beyond 25% increases the interaction
between two neighbouring H* species, which in turn decreases
the binding free energy for subsequent hydrogen atoms (moving
to the right on the volcano curve, Fig. 1).
The second approach to improving the electrocatalytic activity
of MoS2 is to increase the amount of edges per mole MoS2. Two
examples of the effect of increasing the amount of edges were
recently published. In the one by Li et al.31 MoS2 nanocrystals
were deposited on graphene by a hydrothermal reduction, using
hydrazine, of both ammonium tetrathiomolybdate
((NH4)2MoS4), and the oxidised graphene. The composite is
a material with an abundance of small MoS2 crystals dispersed
on the conductive graphene. This optimises the amount of edges
as the particles are very small and the conductivity of graphene
ensures an efficient contact to the particles. This allows for a high
loading of MoS2 per unit area, essentially resulting in a smaller
electrode footprint. They obtained an onset of approximately
!0.15 V vs.RHE and an impressive Tafel slope of 40 mV dec!1.31
Similarly, Merki et al.32 obtained an onset of "!0.1 V vs. RHE
and a Tafel slope of 40 mV dec!1 on an electrodeposited amor-
phous MoS2 thin film. This catalyst is obtained by cycling
a conductive FTO (fluorinated tin oxide) glass electrode or glassy
carbon electrode in a (NH4)2MoS4 solution between two
potentials. The catalyst material is not well understood at the
moment, but this, together with the previous example, indicates
that the enhancement of the amount of edges is the determining
factor for the activity. It should be emphasised that the active
compound consists of MoSx in valence state +4 (analogous to
MoS2) as also demonstrated by post-testing XPS analysis (note
Fig. 2 (a) STM on MoS2 nanoplatelets on Au [111], reproduced with
permission.6 (b) Amolecular model of a platelet exposing bothMo and S-
edges from top and side view, reproduced with permission.22
Fig. 3 Schematic of the difference in conductivity to the active sites on
nanoplatelets and nanoparticles. Modified with permission.22
† All potentials in this perspective are referred to the RHE (reversible
hydrogen electrode) reference electrode. For details see supplementary
material.
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that the authors refer to the material as a MoS3 thin film due to
the method of deposition), this is analogous to the co-catalyst
studied by Tang et al.33 on CdSe/CdS nanowires. These studies
show that the optimal MoS2 electrocatalyst combines an efficient
electrical contact with many edges sites. It would be beneficial to
find a method for estimating the amount of edge sites in a sample.
In the study of MoS2 on carbon electrodes by our group,
30 the
relative amount of edges in a sample of MoS2 nanoplatelets was
shown to be approximately proportional to the current from an
oxidation feature. By slowly scanning the potential to 0.98 V vs.
RHE a shoulder at 0.70 V on the main oxidation peak corre-
sponds to the oxidation of the reactive edges. This oxidation
almost completely eliminated the HER activity, showing that
MoS2 is indeed being oxidised.
30 A coulometric analysis of the
double oxidation feature shows that the shoulder (at 0.70 V)
relative to the main peak (at 0.90 V) corresponds to 8% of the
total amount ofMoS2 oxidised. Assuming a triangular shape and
size based on literature values, the 8% is attributed to the
oxidation of the 25 nm of edge length per nanoplatelet.30Another
result derived in this experiment is that the number of electrons
drawn to oxidise one Mo is 8.9, which is in between the 2 elec-
trons required for the partial oxidation of MoS2 to MoO3 and
2S2! and the 18 electrons required for the full oxidation to MoO3
and 2SO2!4 .30 This result is close to the lower bound observed by
Tributsch of 10 to 25 electrons per Mo atom, which was deter-
mined on natural n-type crystals.27 They attribute the divergence
to either (i) the loss of non-oxidised MoS2 peeling off the surface
as oxygen is co-evolved, (ii) the oxidation of partially oxidised
MoS2 by oxygen from the solution, or (iii) the co-evolved
oxygen. Regardless of the origin of the discrepancy, the method
allows for the determination of the edge to basal plane ratio of
the catalyst material and therefore the amount of active sites.
The general principle governing the amount of edges is
a function of how the relative surface energy of the edges
compares to the basal plane. The surface energy of the MoS2
edges is reported to be 100 times larger than the basal plane
surface energy (250 mJ m!2 34). In order to increase the amount of
edges, the edge surface energy should be lowered compared to the
basal plane surface energy. A recent study show that if MoS2 is
synthesised in an ionic liquid, the resulting material is a porous
structure comprising of randomly packed, and almost exclusively
single sheets of MoS2.
35 The ionic liquid is chosen so as to match
the surface tension of the MoS2 edges. The synthesised MoS2
materials show great promise as highly active HER catalysts and
are an excellent example of a promising approach to increase the
number of edges on the catalyst.
As an example of the aforementioned strategy of increasing the
conductivity to a large number of edges, we present here a new
strategy for producing an electrocatalyst with improved contact
properties. We investigate the HER activity of multi-walled
MoS2 nanotubes (MWMoS2) coated onto multi-walled carbon
nanotubes (MWCNT), making core/shell composite nanotubes,
MWMoS2@MWCNT. To our knowledge, this is the first time
this composite structure has been investigated for its HER
activity. The core/shell construction is expected to have excellent
properties due to the high surface area of conductive MWCNTs
as well as the catalytic activity of MoS2. Furthermore, we
demonstrate that the activity of this composite electro-catalyst is
governed by the edge sites of the MoS2 just as was the case for
nanoplatelets of MoS2.
6 Following the synthesis procedure
described elsewhere36 (and in the ESI),† MWMoS2@ MWCNT
was prepared and characterised using HRTEM (see Fig. 4). The
HRTEM images show that the pristine material (see Fig. 4(a))
has a coating ofMoS2 with most of theMoS2 sheets (seen as dark
lines with white edges due to the Z contrast) aligned randomly to
one another resulting in exposure of several edges as accessible
active sites whereas theMoS2 coating of the annealed sample (see
Fig. 4(b)) has most of the MoS2 sheets aligned parallel and
a more even wall thickness, which indicates fewer active sites per
tube. Following the procedure given in the ESI,† carbon paper
electrodes were made with an approximate loading of 75 mg
MWMoS2@MWCNT. By using SEM-EDS measurements, the
amount of MoS2 was determined to be approximately 215 nmol
per electrode (the average MoS2 loading was determined to be 46
wt% in the MWMoS2@MWCNT).
The activity of the pristine MWMoS2@MWCNT sample is
shown in Fig. 5. The onset potential for the electrochemical HER
is around !0.15 to !0.20 V vs. RHE, which is what has previ-
ously been observed for MoS2.
6,30–32 The Tafel slope is measured
to be "109 mV dec!1 (exchange current density, j0 ¼ "4.0& 10!6
mA cm!2geometric), which is comparable to the result from MoS2
on carbon electrodes.30 However, the Tafel slope in particular is
much larger than that reported by Li et al.31 and Merki et al.32
This indicates that the improved conductivity through the
MWCNTs alone did not reproduce the advantageous Tafel slope
of Li et al.31 and Merki et al.,32 or that the conduction through
the inner layers of MoS2 is limiting, i.e. reducing the number of
layers would increase activity. As the latter could not be altered
in this synthesis, this effect was disregarded. Another important
factor for the activity is the number of edges per tube—if this
could be increased the activity would too. To investigate this
notion, the opposite experiment was carried out and the number
of edges was reduced. The nanotubes were annealed in a tube
furnace at 800 'C in argon for 2 and 8 h, respectively. The
resulting CV curves for these materials are show in Fig. 5.
From Fig. 5, it can be seen that the onset potential shifts to
more negative values, indicating a loss of activity. As the HER
activity was correlated to the amount of edges6 the loss of activity
would indicate that the nanotube composites consist of fewer
edges after the annealing. From Fig. 4(b), it can be seen that after
only 2 h of annealing, the tubes became smoother than the
Fig. 4 High-resolution transmission electron microscopy, HRTEM, of
the pristine MWMoS2@MWCNT composite material (a) and after
annealing at 800 'C for 2 h in an Ar flow (b). The scale bar is 10 nm.
Reproduced with permission.36
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pristine tubes (Fig. 4(a)). This supports our conclusion that the
decrease in activity is correlated with the abundance of edge sites.
The Tafel slope also changed to a slightly larger value after the
annealing procedure. The Tafel slope increased to 139 mV dec!1
(j0 ¼ "3.2 & 10!6 mA cm!2geometric) and 139 mV dec!1 (j0 ¼ "6.2
& 10!7 mA cm!2geometric) for the 2 and 8 h of annealing, respec-
tively. To further investigate the reduction in the amount of
edges, the tubes were electrochemically scanned to positive
potentials, where the oxidation of edge sites and basal planes is
observed.30 The CVs of the oxidation scans for the pristine, 8 h
annealed and the pure MWCNTs are shown in Fig. 6.
Fig. 6(a), (b), and (c) for the three materials, show a dominant
oxidation peak near 0.3 V and a broad reduction shoulder below
0.2 V vs. RHE. Since these features are the only ones present in
the CV of the pure MWCNTs (Fig. 6(c)), it is ascribed to redox
activity of impurities from the carbon nanotube production or
some surface groups on the tubes. It is not, however, relevant to
the oxidation of MoS2 and was therefore not investigated
further. The CV of the pristine, and the 8 h annealed
MWMoS2@MWCNT, show the characteristic oxidation feature
of MoS2 at more than 1.0 V vs. RHE (Fig. 6(a)(II) and (b)(II),
respectively). This feature is clearly seen in the first scan of the
pristine sample, but decreases in the subsequent scan, which
coincides with a significant decrease in the HER activity (below
!0.2V, see Fig. 6(a)(I) and (b)(I)). This indicates that the MoS2
edges and basal planes are being oxidised and removed, and is
therefore not seen for theMWCNTs sample (Fig. 6(c)(II)). Apart
from a shoulder at 0.7 V, which was not observed, this behaviour
of MoS2 is similar to the behaviour observed in literature.
30 The
absence of this shoulder characteristic of the edge oxidation
agrees well with the previous statement that the hybrid material
contains relatively few edges as compared to a nanoplatelet. The
oxidation feature of the basal planes was very small for the
annealed samples, which is likely due to the well aligned and
large S–Mo–S sheets after annealing as oxidation is thought to
propagate from the edges. When the annealed samples were
electrochemically scanned the second and third time to the oxi-
dising potentials, the HER activity surprisingly increased. We
speculate that this increase in activity is likely due to either the
etching into pyramidal structures (see Fig. 7(b)) or the etching
from starting at the edges and in pits on the basal planes, which
may then propagate into wide edges (see Fig. 7(b)). A pyramidal
etching pattern was previously observed by Tenne andWold37 on
n-type WSe2 bulk crystals, indicating that this type of etching
could have occurred on the MWMoS2@MWCNT samples.
It has been demonstrated that the HER active edges may be
annealed away for systems containing defect sites on multi-sheet
MoS2 as seen in TEM. Some of the lost HER activity may be
recovered by scanning the potential to oxidising values several
times. It was also shown that for the pristine sample with an
abundance of active edges, the activity is reduced significantly
upon scanning to oxidising potentials. The hybrid system
investigated here would have greater potential if the numbers of
edges per mole MoS2 could be increased further, mainly due to
the large active surface area of theMWMoS2@MWCNTs hybrid
material. It is the authors’ opinion that is the oxidation of MoS2
sheets could be directed towards pitting rather than the edges,
this would provide a potential route for increasing MoS2’s HER
activity post-synthesis, a so called top-down synthesis route; this
is part of the on-going work in our group.
As stated in the introduction, the smallest molecular unit of
MoSx is the cubane structure, which consists of only surface
atoms/edges. The cubane has a very small electrode footprint; it
is an excellent example of the strategy of increasing the number
of active sites to improve the catalytic activity. This structure
(and the approach taken to investigate it) is also a good example
of a bio-mimetic approach to catalyst design.10,13,14 The central
motif of the nitrogenase enzyme is an [Fe4S4]-cluster connected
to a Mo atom.10,11 The iron-sulfur cluster is an example of
a cubane structure consisting of a cube with metals and sulfur or
oxygen in alternating corners. The iron–sulfur cluster is not
stable in air, so instead [Mo3S4]
4+ incomplete cubanes were
considered by our group. These clusters contained a coordina-
tion shell of water molecules and chlorine counter ions, resulting
in a hydrophilic molecular catalyst, [(H2O)6Mo3S4]Cl4.
13,14 These
clusters were loaded onto HOPG (highly oriented pyrolytic
graphite) electrodes and characterised by in situ STM and elec-
trochemistry. At a loading of 0.016 nano-mole clusters, which is
three orders of magnitude less than that investigated forMoS2 on
fibrous carbon electrodes,30 an onset potential of " !0.2 V vs.
RHE and a Tafel slope of "120 mV dec!1 was observed.14 The
high Tafel slope could be due to diffusion limitations on the
planar substrate in a similar manner as was observed for MoS2
on carbon electrodes. Unfortunately, the hydrophilicity of the
cubane structures made the activity decrease over time due to
desorption of the catalyst. These cubanes were also investigated
Fig. 5 Cyclic voltammetry investigations of the pristine, 2 h annealed,
8 h annealed MWMoS2@MWCNTs composite and pure MWCNTs. (a)
Current density versus potential at a scan rate of 20 mV s!1. (b) Tafel plot;
the scan rate was 5 mV s!1, the electrolyte was 0.1 M HClO4 (pH 1.24),
and the geometric area of the electrode was 1.5 cm2.
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on Au[111] and the same general trends were observed irre-
spective of substrate.13 Finding a way to anchor molecular
structures such as cubanes, to a surface is a challenge that needs
an increased understanding in order to fully exploit the potential
of such structures. One possibility for achieving this is to change
the ligand to obtain a lower cluster hydrophilicity, which would
potentially increase the cluster adhesion. The oxidation states of
individual atoms in the incomplete cubane structure during the
HER is of great interest because by stabilising this state, the HER
activity could potentially occur at a more positive bias. It has
been determined that the reduction of the third Mo atom from
the Mo4+ to Mo3+ accompanies the HER.38 This means that the
cubane structures’ HER activity could potentially be improved
by changing the ligands or completing the cubane cluster with
a heteroatom to stabilise this valence state. This has not been
done or verified experimentally, but it is an example of the
importance of studying the oxidation states for both the
complete and incomplete cubanes to gather further fundamental
knowledge of these system and potentially gain ideas on how to
improve activity.
Another requirement for a catalyst, which should attempt to
compete with Pt, is that it should be able to be produced on an
industrial scale, which is unlikely to be feasible for the cubanes.
That being said, the approach to select the cubane motif as
a catalyst candidate is a good example of the bio-mimetic
approach to catalyst design and a potential strategy for the
optimisation of the number of active sites on MoSx electro-
catalysts. Recently, in another bio-mimetic study, H2 evolution
was catalysed by MoS2 on a liquid water/oil interface (to simu-
late a cell membrane). When this system was chemically or
electrochemically biased by lyophilic electron donors39 the HER
activity was observed. This demonstrates the versatility of MoS2
in catalysing the HER.
In summary, MoSx nanomaterials offer a suitable alternative
to the expensive and scarce Pt as an electrochemical HER cata-
lyst. The primary concerns for the use of MoSx are as follows: (1)
optimise the amount of edges per area of electrode. This has been
done in several ways in literature either by coating MoS2 nano-
crystals onto graphene31 or depositing amorphous thin films,32 or
using molecular catalysts, such as the cubane structure consisting
of nothing but edge atoms,14 or alternatively Co-doping the S-
edges to be as active as theMo-edges, so that all edges are equally
active.30 (2) Optimise the conductivity and diffusion properties to
and from the MoSx units. In this work, we presented the
MWMoS2@MWCNTs composites, as an example of this. The
optimal effect of this strategy is also exemplified by the MoS2
nanocrystals on graphene.31 (3) Improve the inherent MoS2
activity by increasing the hydrogen binding free energy slightly.
This has not been done so far, but potential strategies include
doping and substrate effects. The authors believe that the recent
progress in optimising the number of edges in bulk MoS2
materials31,32,35 demonstrates how much potential strategy (1)
Fig. 6 Cyclic voltammetry investigation of the (a) pristine, (b) 8 h annealed MWMoS2@ MWCNTs composite and (c) MWCNTs. At a scan rate of
5 mV s!1, in 0.1MHClO4 (pH 1.24) under a H2 atmosphere, the geometric electrode area is 1.5 cm
2. The arrows indicate the increasing number of cycles.
The loading is 4.7 mg catalyst per electrode (see ESI). A similar experiment was carried out on the 2 h annealed MWMoS2@MWCNT sample. The
results were transient between that of the pristine and the 8 h annealed samples. (I) and (II) are zoom versions of the CV above in the potential region
illustrated in (a).
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still holds. For the cubane structure, the challenges lie in
anchoring to the electrode via linkers or the modification of
ligands and the completion of the cubane structure with different
heteroatoms, or the modification of ligands, to further improve
the onset potential. The study of the effects of increased
conductivity has begun only recently and holds immense promise
for improvements of MoS2 activity. As stated above, strategy (3)
has not been realised for the active Mo-edge, but doping of the
S-edge is an example of how such an effect could be realised.
Doping studies of theMo-edge ofMoS2 remain to be undertaken
and the authors think that computational chemistry will prove
a powerful tool in this effort.
3 The photoelectrocatalytic HER
The direct utilisation of sunlight to create the driving potential
needed for producing hydrogen by water splitting is appealing
because it, in principle, allows for much simpler and potentially
more efficient systems rather than the combination of solar cells
and electrolysis units. When discussing the use of sunlight, it is
prudent to recall the energy, and intensity of the incoming
photons on the earth’s surface, i.e. the solar spectrum in terms of
the number of incident photon as a function of energy. In Fig. 8,
such a solar spectrum at standardised conditions (AM 1.5) is
shown.40
Based on this, one may calculate the available current density
that can be produced by any given semiconductor absorbing all
solar photons with energies above the semiconductor band gap.
Using these calculations, as well as the driving force required for
water splitting, it is possible to estimate the upper limit of solar
energy to hydrogen conversion efficiency (STH). The driving
force needed for water splitting is 1.23 eV. This is the thermo-
dynamic limit, however, any OER catalyst needs a substantial
overpotential for oxygen evolution. Although there are catalysts
that can operate as low as 0.2 V,41 they are based on scarce metals
such as Ru and Ir oxides, which are not a viable solution.
Therefore, more abundant materials must be chosen for this
reaction as well. Potential candidates are nanostructured cobalt
and manganese oxides, which show promising low overpotentials
(around 0.4 V) for the OER; however, these have not yet been
realised for the type of systems discussed here.42–44 The HER is
not as demanding and an overpotential of 0.1 V is within reach
using catalysts made with abundant elements. Thus, 1.7 eV is the
minimal driving force needed for water splitting. Here, driving
force means the chemical potential of the electron-hole pairs
generated in the semiconductor under solar light illumination,
also known as the photo voltage in a photovoltaic cell. When the
semiconductor is operated close to maximum power, the driving
force is reduced by approximately 0.5 eV as compared to the
band gap, leading to an additional increment in the required
band gap for the semiconductor to do water splitting.45,46 Under
these assumptions, a single band gap of EG1 ¼ 2.2 V is needed to
run the water splitting at a reasonable rate. The amount of
photons that can be absorbed by such a semiconductor can be
found by integrating the solar spectrum from the highest energy
photons in the UV down to 2.2 eV. This gives an upper STH limit
of 13%. It is obvious that a large portion of the solar spectrum is
not used. However, if two semiconductors with different band
gaps absorb different parts of the solar spectrum they can be
combined to generate the required driving force; resulting in
a higher efficiency. This approach is referred to as the tandem
approach.46,47 The ideal tandem design would consist of two
semiconductors, appropriately matched and connected so that
the blue part of the spectrum from high energy photons down to
EG1 would be harvested by a semiconductor with a large band
gap. The red part would be allowed to pass through the large
band gap semiconductor and would be harvested by
Fig. 7 Schematic drawing of how the etching of MoS2 nanotubes may
increase the number of edges available for the HER. (a) Pyramical etch
type behaviour. (b) Etching through pitting at the basal planes, simul-
taneously with etching starting from the edges.
Fig. 8 The solar spectrum at AM1.5 conditions.40 The spectrum is given
as the number of incident photons as a function of the photon energy.
The figure also illustrates the part of the spectrum utilised for a tandem
system approach for water splitting. The insert shows the solar to
hydrogen efficiency as a function of band gap for a 1 and 2 semi-
conductor-system.
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a semiconductor with a smaller band gap, EG2. The second
semiconductor would then absorb photons with energy in
between EG2 and EG1. This idealised design is illustrated in
Fig. 10. The sum of the two band gaps required would thus be 2.7
eV (the difference between the driving force and the band gap is
0.5 eV for each semiconductor) and the two band gaps must be
matched so that the number of photons captured by each of them
are equal, i.e.
ðN
EG1
Fð3Þd3 ¼
ðEG1
EG2
Fð3Þd3, where F(3) is the number
of photons per second per m2 per eV in the solar spectrum. The
efficiency can now be optimised by varying the two band gaps
under the constraint: EG1 + EG2 ¼ 2.7 eV. The STH efficiency
may then be plotted against EG1 as shown in the insert of Fig. 8.
It is apparent that the tandem design, for its ability to harvest
nearly 28% (at EG1 " 1.7 eV, and EG2 " 1.0 ev) of the solar light,
prevails over the single semiconductor for which a band gap of
EG1 ¼ 2.20 eV is needed. This is due to the larger amount of the
solar photons that can be absorbed by the small band gap
semiconductors. Naturally, this gain in efficiency comes with the
complexity of having to use two semiconductors. On the other
hand, this also allows for higher degrees in freedom of materials
choice and corrosion protection. The 1.7 eV for the large band
gap semiconductor in the tandem approach corresponds to
materials such as CdSe,48 which could then be matched nicely
with a low band semiconductor, such as Si (band gap ¼ 1.13
eV49). Unfortunately, neither of these materials is stable as
a photoanode catalysing the OER. However, Chen et al.50
recently demonstrated that a thin TiO2 layer deposited on n-type
Si protected the Si producing a stable photoanode. In this system
design, IrO2 was the co-catalyst for the OER. This holds promise
that a stable tandem device based on Si may be developed in the
future. The systems in Fig. 8 are of course hypothetical, but they
illustrate the advantage of using a tandem approach.46,47 The
efficiencies resulting from our simple analysis of both the single
band gap and the tandem approaches are considerably lower
than the theoretical upper limit efficiencies derived from detailed
balance arguments.51 However, an analysis taking all losses in
real semiconductors into account reduces the maximum STH
efficiencies to 7% for single band gap designs and 18% for the
tandem device approach.46
Another advantage of the tandem approach is that H2 and O2
are not necessarily evolved at the same point, allowing for an
easy separation of the otherwise explosive gas mixture. The
tandem approach works both for a two-electrode setup, sepa-
rated by a membrane, or with two particle suspensions. A redox
pair should be added to the particle suspensions to electrically
contact the two types of particles. The choice of redox pair
should be made so that it is selectively oxidised by one particle
suspension and reduced by the other in order to achieve the
highest efficiency. Most often the two sides of the tandem
approach, the HER and OER, are treated separately and the
focus here is solely on the HER.
MoS2 is a semiconductor with a direct band gap around 1.7
eV, indirect band gap at around 1.2 eV,16 and the band position
slightly more positive than that for the HER.48 This makes MoS2
a promising candidate for use in a tandem approach for the HER
side if the conduction band could be pushed to slightly more
negative values (see Fig. 9(a)). This means that MoS2 will not
evolve hydrogen when illuminated52 unless a negative bias (see
Fig. 9(b)) or quantum confinement is introduced. These options
also constitute the strategies invoked in literature to improve
MoS2 activity, along with the three strategies from section 2 to
improve the electrocatalytic HER activity. Negative bias is not
a viable solution for the photoelectrocatalytic HER and will not
be discussed further. One example of the strategy to widen the
band gap of MoS2 by quantum confinement is the work of
Wilcoxon and co-workers.53,54 Nanoparticles that were highly
crystalline down to 4 nm, and also smaller less crystalline parti-
cles, were tested for photo-oxidation of the organic pollutant
molecules phenol and pentachlorobenzene and they showed
reasonable activity.53,54 The increased activity is ascribed to the
quantum confinement giving a lager oxidation potential (as
a result of the valence band lying at a more positive value) and
superior electron-hole separation. The former reason is caused
by the particle size being close to the Bohr exciton radius
(2 nm).54 This underlines the most outstanding feature of MoS2
for photoelectrocatalysis, i.e. that it may function both as the
semiconductor and the catalyst material. This leads us to define
two possible applications of MoSx in photoelectrocatalytic water
splitting: (i) the use of MoS2 as both the semiconductor and the
HER catalyst and (ii) the use of an alternative semiconductor in
combination withMoSx as the HER catalyst. The use ofMoS2 as
both the absorber and catalyst will be discussed first.
In the early studies of MoS2 by Tributsch and co-workers,
26,27
the photoelectrocatalytic activity of natural crystals of MoS2 was
investigated. They found that both n-type, p-type, and intrinsic
semiconductors occur, but they did not determine the origin for
any of them.As the scope of thiswork is theHER,wewill focus on
the p-type semiconductors and only note that high photo-effi-
ciencies are obtained for n-type crystals when operated in aqueous
iodine/iodide55–57 and non-aqueous solutions.58,59 Interestingly,
the photocorrosion always occurs for n-type MoS2 in aqueous
solution but is almost completely suppressed by iodine57 or in 15
M LiCl or LiBr, which results in the photo-oxidation of chloride/
bromide to chlorine/bromine with as high as 6.1% photon to
product efficiency (>95% Faradaic efficiency, i.e. <5% photo-
corrosion).60 For p-type MoS2, the highest photocurrents‡
observed were "0.5 mA cm!2geometric (at "!0.3 V vs. RHE, by
Tributsch and Bennett27) and"0.32 mA cm!2geometric (at"!0.3 V
vs.RHE, byFujishima et al.57); these remain the best thatwe could
find in literature. Fujishima et al. also biased the p-typematerial to
"!0.8V vs.RHEatwhich point theymeasured a photocurrent of
1 mA cm!2geometric. More recently, Chen et al.
61 reported a double
gyroid MoS2 structure, which exhibited "0.03 mA cm!2geometric
photocurrent for the HER at 0.07 V vs. RHE. The double gyroid
structured thin film consists of interconnected randomly oriented
pores. This type of structure illustrates the primary concern in
designing efficient photoelectrodes. On one hand, the amount of
material should be large enough that a significant part of the light
is absorbed. On the other hand, the dimension of the structural
units of the material should be small enough that the electrons/
holes can reach the surface and carry out the reaction. The
diffusion length of the electrons and holes is determined by
multiple factors and may vary over several orders of magnitude
‡ A 150 W Xe lamp with wavelengths below 400 nm and the infrared cut
away with filters.26
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for different materials. To a certain extent, the diffusion length is
determined by the defect concentration in the material. The
thickness of a material needed for light absorption is normally
larger than the diffusion length of the electrons/holes. The struc-
ture should be porous in order to satisfy this requirement. This
design principle is termed the orthogonalisation of light harvest-
ing and electron-hole transfer. Structures that are typically dis-
cussed are double gyroids, vertical pillars, or vertically aligned
plates.62 The other essential property needed for a good HER
catalyst is the catalytic activity, which is determined by the
amount of active sites. The double gyroid MoS2 structure has
a high surface area and numerous edges as a result. The photons
scattered by the surface may be absorbed by a neighbouring pore
wall, giving a high absorption per unit length. However, problem
arises when electrons need to conduct through the pore walls as
these are connected with inherently low conductivity from one S–
Mo–S sheet to another. Future research in these types of struc-
tures should be concerned with circumventing this issue.
The second way to utilise MoSx as a photoelectrocatalyst is to
use the electrocatalytic HER activity together with a good photon
absorber (exemplified for Si in Fig. 9(c)). In these systems, the
distinct difference to pure MoS2 is clearly seen, as in these systems
the photon absorber may be freely chosen to provide the sufficient
overpotential to drive the HER. Li and co-workers63–65 have
recently reported a number of these systems. One system is
colloidal MoS2 nanoparticles used together with a molecular
photon absorber, ruthenium trisbipyridine (Ru(bpy)3). After add-
ing ascorbic acid as an electron donor, the HER activity of this
colloidal system was evaluated and yielded good hydrogen
production rates.64 Another interesting system is the use of MoS2
nanoparticles deposited onto CdS as both a colloidal system and
a photocathode.63,65 In the colloidal system, electron donors, such
as lactic acid, glycerol, ethylene glycol, ethanol, or methanol, were
added to avoid photocorrosion of the CdS. With this system,
hydrogen production rates improved from around one-and-a-half
up to two times the activity of the same amount of Pt, by weight.
This demonstrates a favourable interaction between MoS2 and
CdS.63,65 It should be noted that the loaded MoS2 are stacked plate
structures, so if single-layer MoS2 platelets could be used, the low
conductivity from one S–Mo–S sheet to another could be circum-
vented. This line of thought inspired Frame and Osterloh66 to use
exfoliated MoS2 as a co-catalyst on CdSe to increase the hydrogen
production from a sulfite/sulfide sacrificial agent solution. It is well
known from literature that lithium intercalation followed by
oxidative exfoliation results in a colloidal suspension of single sheet
MoS2.
24,67More recently, exfoliation was achieved by direct solvent
extraction using ultrasonication.68 A colloidal suspension prepared
by intercalation was then loaded onto CdSe nanoribbons resulting
in up to three times improved activity as compared to a 4 nm Pt
nanoparticle loaded sample. Very recently Tang et al.33 showed that
in situ reduced MoS3 (similar to the electrocatalyst by Merki
et al.32) on CdSe/CdS nanowires has a HER activity comparable to
that of Pt—unfortunately this reduced MoS3 catalyst continuously
dissolves. This demonstrates that just as for the electrochemical
HER, the photoelectrocatalytic HER also relies on the number of
Mo-edges. Further increasing the number of edges for these
systems will result in a significantly increased activity. MoS2 on
different metal oxides has also been tested for the photocatalytic
oxidation of organic pollutants,54 but this topic is beyond the scope
of this perspective.
Returning to the bio-mimetic concept described in the Elec-
trochemical section, our group recently showed that impressive
Fig. 9 Band gap position for (a) MoS2 and (c) Si, respectively at the flatband potential. In addition (a–d) show the redox levels for the HER on cubanes
and the Mo-edge on MoS2 nanoplatelets. From the figure it is seen that the HER does not occur spontaneously on bulk MoS2, but requires additional
quantum confinement, or high p-type donor concentrations. In (b) the MoS2 is biased enough that the HER occurs, the exact potential cannot be
defined. On Si the HER occur readily even at slightly positive bias vs. RHE, until the flatband potential (c) at more negative potentials the HER occurs
even faster (d). Data points are obtained from ref. 15,52.
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photocurrents could be achieved by loading hydrophobic
[Mo3S4]
+ onto vertically aligned pillars of p-doped Si.15 This is an
example of the HER side of an electrode based tandem
approach. A schematic drawing of how this system could be
envisioned is shown in Fig. 10(a) and the electron transfer is
illustrated in Fig. 9(c). These cubane structures have methyl-
cyclopentadienyl ligands to avoid deactivation by dissolution of
the hydrophilic cubanes. The p-doped Si wafer was tested both as
a planar single crystal electrode and with a vertically aligned
pillared structure. Si is an abundant element, but it is rather
energy consuming to manufacture into pure single crystals as the
ones used here. On the other hand, a specialised industry already
exists for this in the electronics and solar cell industries. As these
industries have optimised the energy consumption for the puri-
fication processes, pure Si is now a relatively cheap and facile
material. The pillared structure has the same advantage as the
double gyroid structure, i.e. photons scattered by the surface may
be re-adsorbed while the electrons maintain a small diffusion
length to the surface where they should react.62 The light
absorption and the carrier diffusion is well understood for Si,
which allows for etching Si into pillars of dimensions close to the
theoretical optimum. In the case of cubanes on Si, a dimension of
3000 by 50 000 nm, which is the requirement for vapour phase
grown Si wires,62 was chosen for comparison. By drop-casting
2 nmol of these cubanes onto the freshly H-terminated Si pillared
sample (see Fig. 10(b)), an incident photon to current efficiency
(IPCE) of up to 80% was obtained at a bias of !0.35 V vs. RHE
and irradiated at wavelengths greater than 625 nm. This photo-
current corresponded to 10 mA cm!2geometric.
15 Both the pillared
and planar photocathodes were capable of reaching "8 mA
cm!2geometric at 0 V vs. RHE, which is the requirement for
obtaining a STH efficiency of 10%. This clearly demonstrates the
higher efficiency of this system when compared to the "0.5 mA
cm!2geometric at !0.3 V vs. RHE for the pure p-type MoS2 found
by Tributsch and co-workers.26 This is even in spite of the
difference in light source as Tributsch and co-workers26 use the
energy rich UV-light, as compared to the less energy rich red light
used by Hou et al.15 It is noteworthy that the amount of cubanes
attached to the Si during operation corresponds to around 1% of
a monolayer.15 This means that the loading of the catalyst does
not absorb significant amounts of light, thus reducing the IPCE
significantly. The weak absorption of these molecular catalysts is
a consequence of the small electrode footprint and illustrates
another reason why molecular catalysts are so useful in photo-
electrocatalytic water splitting.
Another relevant comparison to literature would be to
compare the photocurrents of cubanes on Si to that of Pt on Si.
This comparison should be done where both systems are not
limited by light flux. This is done by comparing the potential
needed to get approximately half the limiting photocurrent. On
planar Si with cubanes, a potential of +0.08 V vs. RHE is needed
to get 2.5 mA cm!2geometric of photocurrent. Lewis and co-
workers69 demonstrated that Pt on planar Si shows this photo-
current at +0.16 V vs. RHE.69 Accordingly, Pt is still more effi-
cient than the cubanes. However, this still shows that MoSx
species materials show great promise as co-catalysts to be used in
the photoelectrocatalytic H+ reduction, especially as these are
effective and made from more abundant elements than Pt cata-
lysts. The stability of the cubane silicon system showed good
promise in the absence of oxygen, however, it deteriorated very
fast in oxygen. This issue is most likely due to the oxidation of the
silicon–cubane interface. The cubane–Si photocathode is a very
efficient system, but if currents are to be obtained at positive bias
vs. RHE, then this system is not enough. The reason for this is
illustrated in Fig. 9(c), as the positive bias is applied beyond the
flat band potential at approximately +0.2 V vs. RHE, Fig. 9(c)
(the exact value depends on pH and doping level) beyond this
point band bending inverts, electrons are repelled from the
solution interface and the HER activity is stopped. More active
HER catalysts than cubanes, e.g. Pt and the Mo-edge of MoS2
(Fig. 9(c)) could potentially have a higher activity at this bias, but
p-type Si cannot perform the HER at more positive potentials.
The use of MoS2 nanoplatelets to increase the available photo-
current at 0.1–0.16 V vs.RHE is part of the on-going work in our
Fig. 10 (a) Artistic representation of a tandem device for water splitting in which Si-pillars and cubanes are shown to preform the photoelectrocatalytic
HER. (b) Photoelectrochemical measurements for [Mo3S4]
+ on vertically aligned pillars of p-doped Si. Reproduced with permission.15
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laboratory. Recently, Lewis and co-workers69 showed that the
limitations due to the flat band potential of Si can be overcome
by introducing a heavy surface n-doping of p-type Si-nanowires
grown by chemical vapour deposition (pn-junction Si-nano-
wires). Such a sample produced a photocurrent of "2.5 mA
cm!2geometric at "+0.45 V vs. RHE, by using Pt as the HER
catalyst and it is therefore very relevant to find alternative HER
catalysts to Pt for such a surface. They observe the same
photocurrent as for the Pt on planar p-type Si, but at 0.3 V more
positive bias. The semiconductor physics behind this efficiency
increase is beyond this perspective and can be perused in other
literature.69 As the pn-junction system also uses Pt as the co-
catalyst, it would seem obvious to load cubanes onto such
nanowires, however, the improvement would be small as the
overpotential of the cubanes is approximately 0.4 V.15 The
overpotential would then counterbalance the effect of the pn-
junction. This illustrates that MoSx catalysts are close to the
activity of Pt at slightly negative biases, but as soon as the bias
becomes positive, an even better catalyst is needed. The pn-
junction Si-nanowires is one of the most promising future designs
of the Si-based photocathodes. If an efficient and abundant co-
catalyst can be developed, this approach could prove to be
a viable solution to perform the photoelectrocatalytic HER. It is
our belief that optimising the cubanes to have the same or
less overpotential as the hydrophilic cubanes tested for the
electrochemical HER14 or nanoplatelets ofMoS2 would make for
the optimal utilisation of such highly engineered nanostructures
of Si.
In summary, there are two strategies for designing photo-
catalytic water splitting catalysts using MoSx. The first strategy
is to use MoS2 as both the semiconductor material and the
catalyst. This strategy is demonstrated by the double gyroid
structure of MoS2, the MoS2-nanoclusters, and the naturally
occurring p-type crystals. The second strategy is the combina-
tion of the electrochemical activity for the HER, demonstrated
by MoSx, with the semiconductor property of some other
material. This is exemplified by the use of MoS2 nanoparticles
on CdS or the cubanes on p-doped Si. The main challenges of
both strategies are to optimise the number of active edges and
have good conductivity (just as for the electrocatalysts). For the
first strategy, it is also important to find good p-dopants and
manufacturing processes. In addition, there is a great need for
nano-structuring the photoelectrocatalyst to optimise the
absorption properties and perhaps tailor the band gap, size,
and/or band position using quantum confinement. The
improved onset potential for the photoelectrocatalytic HER of
Pt on the pn-junction Si wires demonstrated by Lewis and co-
workers69 is a good example of another strategy for optimising
a semiconductor to give an even better performance. Research
strives towards carrying out the HER at positive potential
because the OER photoelectrodes are operating at significant
positive bias. This is due to the quite large inherent over-
potential for the OER on almost all electrocatalysts.4 An
example of a photoanode is the Si-doped a-Fe2O3 made by
Gr€atzel and co-workers,70 which still needs 1.23 V vs. RHE to
produce a photocurrent of 2.2 mA cm!2geometric in simulated
sunlight. Comparing this overpotential to that of the Pt on pn-
junction Si-nanowires shows that there is still a potential
mismatch of around 0.78 V—which has to be supplied by
a built-in photovoltaic cell or an external bias. This shows just
how far there is still to go in order to obtain a viable system.
4 Outlook
In summary, the study of MoS2 as an electrocatalyst and pho-
tocatalyst has yielded excellent materials for the HER from
water. It has been shown for both applications that the primary
challenge is the synthesis of a large amount of the HER active
edges and to get a good electrical contact to these edges. We have
outlined the most recent advances in the field of the HER on
molybdenum sulfides and described the challenges that need to
be solved in order to get more active catalysts. The cubane
structure described is the structurally optimal solution as the
cluster is nothing but edges/surface atoms.
When using molybdenum sulfides in the photoelectrocatalytic
HER, a photon absorber must also be present in the electrode. It
is intuitive that using MoS2 as both the absorber and catalyst is
a good choice. However, the origin of p-type conductivity in bulk
MoS2 is not well understood and there are not many synthesis
routes for such materials. The use of nanoclusters of highly
crystalline MoS2 shows good photoactivity for organic pollutant
removal, but this approach has not been applied to the HER.
Using a p-doped Si wafer to which cubanes were attached has
been demonstrated recently to be a very efficient system realising
activities close to that of the Pt analogues. We have outlined that
the recent study on pn-surface junction Si wafers and nanowires
provides a promising future application of MoSx to replace the
Pt used as the co-catalyst for the HER in these systems. In such
a system, MoSx could be used either as cubanes or MoS2
nanoplatelets.
Pt is the archetypical catalyst for the HER as it is exceedingly
efficient. However, due to the scarcity of Pt and the resulting high
price, it seems likely that if hydrogen is to become a future energy
carrier or simply a renewable chemical, new catalysts must be
found. We have argued that MoS2 or other molybdenum sulfides
such as cubane clusters are a viable and effective alternative to
these ends.
Two examples of our bid on a superior catalyst design for
MoS2 based photocathodes are shown in Fig. 11. These two
designs optimise the electrocatalytic activity by increasing the
amount of edges of the MoS2. Furthermore, aligning the basal
planes of MoS2 perpendicularly to the current collecting
substrate optimises the conductivity from the active site to the
supporting electrode. This allows for the metallic conductive
edges to be optimally utilised. The two designs also show the
general routes to make efficient MoS2 photocathodes, i.e. (1)
using both the semiconducting and the electrocatalytic proper-
ties of MoS2 (Fig. 11a) and (2) only using the electrocatalytic
property in combination with some other semi-conducting
material such as p-type Si pillars (Fig. 11b). In the first design
(Fig. 11a), the catalyst consists of concentrically aligned MoS2
nanotube stubs of slightly shorter length in the radial direction.
These nanotubes should be stubs as they ideally should not be
very long in order to minimise the amount of inactive tube wall.
This allows for an optimised amount of edges while keeping the
layered structure of MoS2 and, hence, the photon absorbing
properties intrinsic to the bulk material. This design relies on
the electrons being conducted along the individual MoS2 sheets,
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which are around 2200 times more conductive than across the
layers.26 The second design shows Si or some other semi-
conducting material, pillars onto which MoS2 nanoplatelets are
attached with the basal plane perpendicular to the pillars. This
optimises the conduction from the light harvesting Si through
the conducting sheet or along the conducting edges to the active
edge sites. The number of platelets should be as large as possible
and their size as small as possible. It should be noted that due to
the similarity of the MWMoS2@MWCNT composite and the
nanotubes in Fig. 11(a), the MWMoS2@MWCNT composite
was also investigated for the photoelectrocatalytic HER
activity, but no activity could be detected. This is likely due to
(i) the material not being p-type, or (ii) a high absorption of the
light in the carbon paper electrode and the MWCNTs, or
possibly both.
It is generally seen that the field of the electrochemical HER
using MoSx has been experiencing a renaissance in recent years,
adding to the hope that a viable solution for renewable
hydrogen production may be achieved in the future. Naturally,
the majority of sustainable energy in the future will be produced
as electricity and be used immediately. However, the demand
for storage increases simultaneously in order to meet the need
for a flexible and continuous energy production. This storage
could be achieved through renewable hydrogen production
either by electrolysis or by producing hydrogen directly from
sunlight. A great deal of effort has been put into realising this
using a variety of materials and designs; only the future will tell
which is the best.
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Hydrogen Production Using a Molybdenum Sulfide Catalyst on
a Titanium-Protected n+p-Silicon Photocathode**
Brian Seger, Anders B. Laursen, Peter C. K. Vesborg, Thomas Pedersen, Ole Hansen,
Søren Dahl, and Ib Chorkendorff*
Producing solar fuels is envisioned to be one of the key
challenges in switching the world!s energy consumption to
renewable resources.[1,2] Among these fuels hydrogen is one
of the most simple as the molecule only consists of two
electrons and two protons. Furthermore, H2 is an important
bulk chemical[3] and has the potential to become an important
future energy carrier. This work focuses on the photo-
electrocatalytic H2 evolution reaction (HER) from water.
Platinum is the archetypical catalyst for the HER, but it is
scarce and expensive,[4] thus making it commercially unfea-
sible and demonstrating the need for a catalyst made of
abundantly available materials.[5] Using a biomimetic strategy
based on the nitrogenase enzyme, DFT studies[6] showed the
molybdenum edges of MoS2 triangular nanoplatelets to be
highly electrochemically active for the HER. Subsequent
STM and electrochemical measurements[7] verified this
experimentally in dark electrolysis. It was also shown that
molecular molybdenum sulfides in the form of Mo3S44+
(called a cubane) could also be effective for the H2 evolution
reaction.[8] A cubane analogue has been applied to a p-type
silicon wafer for the purposes of photocatalytic HER and
achieved an IPCE (incident photon to current efficiency) of
47% at 0 V versus the reversible hydrogen electrode
(RHE).[9]
By using p-type Si with a high level of surface n-doping,
the research group of Lewis[10] showed that the HER onset
could be improved by about 250 mV in accordance with
earlier findings.[11] This n+p-Si structure allowed for a higher
open circuit voltage relative to a p-Si–liquid device by
effectively decoupling the band bending in the p-Si from the
semiconductor–liquid junction. In other words, the n+-layer
provided a built-in depletion region which was independent
of the semiconductor–liquid junction. This overcame the
inherent limitation of a p-Si–liquid device, namely its low flat-
band potential.
In our previous work[9] using cubanes on p-Si, the electron
Fermi level for p-type Si was high enough, even at flatband
conditions, to overcome the overpotential of the cubanes
(about 400 mV). This effectively meant that the cubane–p-Si
system was not limited by catalysis (interfacial electron
transfer) despite the possible 400 mV overvoltage of the
cubanes, but rather by the flatband potential of p-Si in an
aqueous electrolyte. The cubanes were effectively a “good
enough” catalyst for the p-Si electrodes. Using n+p-Si over-
comes the flatband potential limitation, but exposes the
cubane!s large overpotential. Thus a new, nonprecious metal
catalyst must be found for the n+p-Si system. The research
group of Lewis has recently demonstrated that alloys of nickel
and molybdenum (NiMo) may work as non-precious HER
catalysts for this system. However, this system has stability
issues in acid, which limits the pH to values above 4.[12]
On the other hand, great progress has recently been made
on a MoSx catalyst,
[4,13] which is known to be stable in an
acidic medium. For instance, the research group of Li[14] has
shown that MoS2 on CdS nanoparticles (NPs) are more
efficient for the H2 evolution than Pt on CdS NPs. They
attribute this to a favorable interaction between CdS and
MoS2. The research of Hu!s group on electrodeposition of
porous, amorphous MoSx[15] is also quite promising. This
material showed an onset potential of 150 mV versus RHE,
a Tafel slope of 39 mVdec!1, and has been shown to be
relatively stable over a 1 h test period. This MoSx catalyst was
electrodeposited by taking an (NH4)2MoS4 precursor to
oxidative potentials to produce an amorphous MoS3 material,
and then cycling the potentials back to reductive potentials.
By varying the cycles, a controlled amount of MoSx could be
deposited. The research group of Hu has also shown that it is
possible to prepare amorphous MoS3 in powder form, albeit
at a slightly lower activity.[16] The research group of Alivisa-
tos[17] has started investigating a microwave-deposited MoS3
on CdSe-seeded CdS nanorod photoabsorbers. They showed
that initially MoS3 was as active as platinum for the HER, but
the activity was reduced as MoS3 was reduced to MoS2 over
time.
A problem shared by many of the potential low-bandgap
photocathodes with a conduction band high enough for H2
evolution (CdS, Si, and GaP) is that they are readily oxidized.
We have found previously that to prevent silicon oxidation
during H2 evolution, the dissolved O2 concentrations must be
< 15 ppb, which is commercially unfeasible in a water-split-
ting device.[9] A process which electrodeposits at oxidative
potential such as the MoSx catalyst developed by Hu’s
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research group[15] , would have almost no chance of working
effectively since the photoabsorber would be oxidized during
the deposition process. This demonstrates that the instability
of many photoabsorbers seriously constrains the ability to
attach a catalyst and to sustainably evolve H2.
In this work we resolve this issue by depositing a thin layer
of Ti on Si to act as a conductive protection layer, thus
drastically enhancing the stability. The conductivity through
the composite is optimized by the thin tunnel barrier due to
the high level of n-doping in the surface layer of Si and the low
Ti-TiOx barrier (as discussed in the Supporting Information).
We then demonstrate the electrode!s stability by scanning
to oxidative potentials to electrodeposit MoSx on an n
+p-Si
electrode. Thus we form a MoSx-Ti-n+p Si composite photo-
cathode (Figure 1). Using this catalyst we produce photo-
currents at bias voltages which are unprecedented for a non-
Pt catalyst in strongly acidic media.
Initially, we illustrate the problem that occurs without
a corrosion protection layer. Due to the low number of charge
carriers in Si in the dark, the deposition was done under
irradiation. The irradiation of n+p-Si resulted in a photo-
voltage of about 0.50 V.[10] Hence, the applied potentials were
shifted from between !0.363 and 0.747 V versus RHE[15] to
0.137 and 1.247 V versus RHE, thus allowing the electro-
deposition to take place. MoSx was deposited directly on H-
terminated n+p-Si by cycling 19 times ending at the cathodic
potential (Figure 2). The intial scan shows a very small
reductive peak similar to the catalyst made by the research
group of Hu,[15] but succesive scans do not show an increased
peak. This was attributed to the aforementioned oxidation of
the silicon surface and the loss of conductivty going through
the SiOx insulating layer. To resolve this issue, a 9 nm layer of
Ti was sputtered on a freshly hydrogen-terminated n+p-Si
electrode. Figure 2 shows the photo-electrodepositon of the
MoSx catalyst on the Ti-protected Si (Ti-n
+p-Si). These cycles
show clear reduction and oxidation peaks that closely
resemble the cyclic voltammograms (CVs) reported by the
research group of Hu. Once the CVs were completed, it could
visually be seen that a uniform catalyst layer had been
deposited on the electrode.
A depth profile of theMoSx-Ti-n
+p-Si catalyst was created
by X-ray photon spectroscopy (XPS) through an argon
sputtering procedure. Figure 3 shows the results of this
depth profile. This figure clearly shows that there is an initial
MoSx layer followed by a titanium layer and finally by a Si
layer. It should be mentioned that the XPS of the as-prepared
samples show a Mo:S ratio similar to that determined by the
research group of Hu. Another interesting observation is that
while a quick glance at the XPS reveals theMoSx and Ti layers
to be approximately of equal thickness, SEM images show
(see Figure S2 in the Supporting Information) that the MoSx
and Ti layers are 35 nm and 9 nm, respectively. This can most
likely be attributed to the porous nature of the MoSx[15]
allowing for deeper sputtering in a given time interval and
differences in sputter yield. The discrepancy in the apparent
thickness from the XPS versus the SEM-verified thickness
demonstrates that XPS depth profiling is good for a qualita-
tive analysis, but does not allow for a quantitative analysis
(e.g. the Mo:S ratio) without calibration.
The goal of these electrodes is to be used in a two-photon
water-splitting device.[9] In this device a high-bandgap photo-
anode would absorbs light at short wavelengths while long
wavelengths pass through and are absorbed at the photo-
cathode. Due to the advances in proton exchange membranes
(PEM),[18] it is assumed that a PEM will transfer protons from
the anode to the cathode, thus acidifying the local environ-
Figure 1. Scheme of a MoSx-Ti-n
+p-Si electrode showing how photo-
irradiated electrons reacts with protons to evolve H2. e
- and h+ refer to
the photogenerated electron and hole pair, respectively.
Figure 2. Cyclic voltammetry scans of the photo-electrodeposition of
MoSx onto n
+p-Si and Ti-protected n+p-Si electrodes.
Figure 3. X-ray photoelectron spectroscopy depth profile of a MoSx-Ti-
n+p-Si electrode.
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ment. Hence to accurately test the efficiency of the electrodes,
cyclic voltammograms of the H2 evolution were measured in
an H2 saturated acidic solution (1.0m HClO4) using long
wavelength light (> 635 nm) with an overall intensity adjusted
to approximate the red part of the solar spectrum (AM1.5-G
as shown in Ref. [9]). Figure 4 shows the cyclic voltamograms
of theMoSx photocathodes with and without the Ti-protective
layer as well as some important standards. While the n+p-Si
and Ti-n+p-Si standards are self-explanatory, the Pt-Ti-n+p-Si
electrode was produced by dropcasting (5 mg) of a Pt salt on
the electrode. By scanning the electrode starting from the
most negative potential, the salt was photoreduced to the
metal. The exact experimental details for all these electrodes
can be found in the Supporting Information.
Figure 4 also shows that the HER activity of the MoSx-
n+p-Si electrode is noticeably better than a pure n+p-Si
electrode indicating that there is some catalytic effect from
MoSx. When theMoSx was deposited on a Ti-protected n
+p-Si
electrode, the onset of the photocurrent shifted substantially
to more positive potentials (0.33 V vs. RHE), which
approaches the efficiency of the Pt electrode (0.47 V vs.
RHE). Without the Ti protection layer reductive electrons
need to tunnel through an insulating SiO2 surface layer, but
with the Ti protection layer the Si surface is protected from
oxidation. It should be noted that the Ti surface will also
oxidize, but this will form the semiconducting TiO2 rather
than the insulating SiO2. The Ti-n+p-Si standard shows that Ti
provides a small increase in efficiency relative to the n+p-Si
electrode, but this electrode is still largely unreactive relative
to the MoSx-Ti-n
+p Si electrode. This helps to verify that the
Ti is acting more as a protection layer rather than assisting the
catalytic reaction. It should be noted that the higher current
obtained for the MoSx-Ti-n+p Si electrode relative to the Pt
electrode at the limiting cathodic current is due to light
absorption of the catalyst, rather than any catalytic effect.
The comparison of this MoSx catalyst to the catalyst
produced by Hu!s research group[15] is not straightforward
because of the voltage added from the photovoltaic effect.
However, it is well-known[19] that Pt has an almost negligible
overpotential for the evolution of H2, and thus the Ti-n+p-Si
electrode with MoSx can be compared to the Pt electrode to
get an estimate of how it compares. By applying this
technique, a Tafel slope of 39 mVdec!1 and an onset potential
(U@1 mAcm!2) of 145 mV more cathodic than Pt, were
found (see Figure S3 in the Supporting Information). These
photo-electrochemical results are quite similar to the electro-
chemical results found by Hu!s research group.[15] This
demonstrates that by attaching a protective Ti layer, even
quite complex catalysts can be deposited on a photocathode
and produce the same results as would be expected in an
electrochemical cell. Figure 4 also shows that this is clearly
not the case without the Ti-protective layer.
While Ti does an effective job at protecting the Si from
oxidation, it also blocks the Si from absorbing light. This
effect explains the slight decrease in the saturation currents
from the Ti-coated samples in Figure 4. The Ti thickness must
be thick enough so that pinholes in the surface do not lead to
oxidation, but thin enough to allow light to pass through. In
this work Si was irradiated from the front side, but in any final
two-photon device, the Si photocathode will be attached to
the backside of a photoanode, thus allowing for backside
illumination. In that case the protective layer will have no
effects on the light absorption and it could therefore be much
thicker if needed.
A long-term test was performed to prove both that H2 was
produced as well as to determine the long-term stability of the
electrode. A H2 evolution cyclic voltammogram was taken of
the electrode initially, and then the electrode was run at
a potential of + 200 mV versus RHE for 1 h. The current
remained stable at 12 mAcm!2 throughout the 1 h run, and
produced an amount of H2 (measured by GC) roughly
corresponding to the current passed through the cell (see
Figure S4). Directly after the 1 h run, another H2 evolution
cyclic voltammogram was taken. Figure 5 displays both the
initial and the 1 h tested H2 evolution cyclic voltammograms,
which shows the relative stability of this catalyst. While the
saturation current slightly decreased in this instance, there
have been other instances where it slightly increased. Thus no
conclusive evidence can be derived from this slight shift.
When these cells were run for many hours they would
sometimes degraded abruptly, which was attributed to incon-
sistencies in the protection layer. Currently, we are working
Figure 4. Cyclic voltammetry of the photoelectrocatalytic HER of vari-
ous n+p-Si electrodes. The samples were irradiated with red light
(AM1.5 cut-off<635 nm, 38.6 mWcm!2) and scanned at 50 mVs!1.
Figure 5. Photocurrent before and after a 1 h chronoamperometry test
at +200 mV versus RHE.
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on making this layer more consistent and durable using other
techniques.
In summary, we have demonstrated that a Ti protection
layer on a Si electrode allows for the possibility to take the Si
to highly oxidizing conditions without oxidation of the Si. We
have taken advantage of this fact by depositing MoSx on n
+p-
Si and have shown an unprecedented anodic onset of the
HER for a non-Pt catalyst in acidic medium. The Ti layer is
the key component, which allows the production of H2
without oxidation of the photoabsorber.
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Photoelectrolysis
B. Seger, A. B. Laursen, P. C. K. Vesborg,
T. Pedersen, O. Hansen, S. Dahl,
I. Chorkendorff* &&&&—&&&&
Hydrogen Production Using
a Molybdenum Sulfide Catalyst on
a Titanium-Protected n+p-Silicon
Photocathode
A low-cost substitute : A titanium protec-
tion layer on silicon made it possible to
use silicon under highly oxidizing condi-
tions without oxidation of the silicon.
Molybdenum sulfide was electrodepos-
ited on the Ti-protected n+p-silicon elec-
trode. This electrode was applied as
a photocathode for water splitting and
showed a greatly enhanced efficiency.
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APPENDIX C
Acronyms
AM1.5g The standard solar spectrum approximation.
BOE Barrel of Oil Equivalents
COOH-MWCNT Carboxylic acid functionalized multi-wall carbon nanotubes
CV Cyclic Voltammetry
CVD Chemical Vapor Deposition
DFT Density Functional Theory
DOE (US) Department of Energy
EDS Energy Dispersive Spectroscopy
GO Graphene Oxide
HER Hydrogen Evolution Reaction
IPCE Incident Photon to Current Efficiency
kWh kilowatt hour
MTOE Million Tons of Oil Equivalents
MWCNT Multi-walled carbon nanotubes
NH4-MWCNT Amine functionalized multi-wall carbon nanotubes
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C. Acronyms
NHE Normal Hydrogen Electrode, Pt in 1 atmosphere H2 in the electrolyte of the experiment.
OER Oxygen Evolution Reaction
PEC PhotoElectroChemical (cells/devices/reactions/HER/OER)
PTFE PolyTetraFluoroEthylene
PXRD Powder X-Ray Diffraction
RHE Reversible Hydrogen Electrode, Pt in 1 atm. H2 in a pH 0 electrolyte. The pH independent
reference electrode used throughout this thesis.
SCE Standard Calomel Electrode, Hg/Hg2Cl2 in saturated KCl.
SEM Scanning Electron Microscopy
STH Solar to Hydrogen (efficiency)
STM Scanning Tunneling Microscopy
SWCNT Single-walled carbon nanotubes
TEM Transmission Electron Microscopy
TW Tera Watt
XAFS X-ray absorption fine structure
XPS X-Ray Photoelectron Spectroscopy
XRF X-Ray Fluorescence
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